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Abstract
Conventional rehabilitation after stroke, consisting in one-to-one practice
with the therapist, is labor-intensive and subjective. Furthermore, there is
evidence that increasing training would benefit the motor function of stroke
survivors, though the available resources do not allow it. Training with
dedicated robotic devices promises to address these problems and to pro-
mote motivation through therapeutic games. The goal of this project is to
develop a simple robotic system to assist rehabilitation that could easily be
integrated in existing hospital environments and rehabilitation centers. A
study was first carried out to analyze the kinematics of hand movements
while performing representative activities of daily living. Results showed
that movements were confined to one plane so can be trained using a robot
with less degrees-of-freedom (DOF). Hence ReachMAN, a compact 3 DOF
robot based on an endpoint based approach, was developed to train reach-
ing, forearm pronosupination and grasping, independently or simultane-
ously. ReachMAN’s exercises were developed using games based on software
thereby facilitating active participation from patients. Visual, haptic and
performance feedback were provided to increase motivation. Tuneable levels
of difficulty were provided to suit patient’s ability. A pilot study with three
subjects was first conducted to evaluate the potential use of ReachMAN as
a rehabilitation tool and to determine suitable settings for training. Fol-
lowing positive results from a pilot study, a clinical study was initiated to
investigate the effect of rehabilitation using ReachMAN. Preliminary results
of 6 subjects show an increase in patients upper limb motor activity, range
of movements, smoothness and reduction in movement duration. Subjects
reported to be motivated with the robot training and felt that the robot
helped in their recovery. The results of this thesis suggest that a compact
and simple robot such as ReachMAN can be used to enhance recovery in
sub-acute stroke patients.
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1 Introduction
1.1 Stroke
Stroke is the leading cause of severe disability in the United Kingdom (UK).
Every year, an estimated 150,000 people in the UK (about 0.02% of the
population) have a stroke and more than 250,000 stroke survivors live with
disabilities (The Stroke Association, 2010). There are two main types of
stroke namely, ischemic stroke and haemorrhagic stroke (Westcott, 2007).
The ischemic stroke is the most common, accounting for 80% of cases and
occurs when a blood vessel that carries oxygen and nutrients to the brain
is blocked by a clot. Haemorrhagic stroke is caused by blood vessels in or
around the brain rupturing and causing bleeding. During stroke, the build-
up of blood pressure on the brain damages its delicate tissue. Meanwhile,
other brain cells in the area cannot get the blood needed and the affected
area starts to die. Fig. 1.1 shows the ischemic and hemorrhagic stroke.
Figure 1.1: Ischemic and hemorrhagic stroke (adopted from
wwww.nucleusinc.com).
The effects of a stroke depend on several factors including the location
of the obstruction and how much brain tissue is affected (American Heart
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Association, 2010). Fig. 1.2 shows the brain anatomy and its functions.
It can affect the motor activity, senses, speech, behavioral and emotions.
Paralysis or inability to control movement is one of the most common dis-
abilities resulting from stroke (National Institutes of Health, 2010). When
a part of the brain is damaged by stroke, it causes paralysis in the opposite
half side of the body, affecting part of the face, arm, leg or entire half of the
body. Stroke patients with paralysis face difficulties in activities of daily
living (ADL) such as walking and grasping.
Figure 1.2: Anatomy of the brain (adopted from
www.theuniversityhospital.com /stroke/anatomy.htm)
1.2 Neurorehabilitation program
The brain is adaptable and in months or years after a stroke, many cells that
have sustained damage recover some of their functions (Westcott, 2007). It
is possible for other areas of the brain to take over part of the functions
performed by the cells that have died but the time for this to happen is
extremely variable. The aim of rehabilitation is to facilitate and enhance
this recovery process.
In the United Kingdom, people who had a stroke will be admitted to
Acute Brain Injury Unit (ABIU) within 24 hours. In this unit, patients are
monitored and types of injuries are identified and treated immediately. For
example, if the stroke is ischemic which is caused by a blood clot occlud-
ing blood flow to the brain, the initial treatment is to remove the blockage
to restore blood flow to prevent further damage to the brain cells. Then,
14
patients are relocated to rehabilitation units for further rehabilitation at-
tention, if required. Fig. 1.3 shows the flowchart of stroke rehabilitation in
National Hospital Neurology and Neurosurgery (NHNN), London.
Figure 1.3: Flowchart of stroke rehabilitation in National Hospital Neurol-
ogy and Neurosurgery, London. (Information provided by Karen
Baker, a phyiotherapist at NHNN, London.)
Patients start rehabilitation treatment when their heart rhythm is stabi-
lized. At this stage, patient will stay in the hospital for rehabilitation treat-
ment for 6-12 weeks. This stage is called the sub-acute stage. Functional
assessments are carried out at the beginning and at the end of their stay
in the hospital to evaluate the patient’s recovery such as the Fugl-Meyer
assessment upper limb section, Chedoke-McMaster assessment (Chedoke)
and Action Research Arm Test (ARAT).
Patients will undergo several suitable treatments catered to their individ-
ual need but generally there are two main treatments, namely physiotherapy
(PT) and occupational therapy (OT) (The Stroke Association, 2010). Phys-
iotherapy is a program that uses physical approaches to promote, maintain
and restore physical movements. The treatment starts with small guided
movements and practising simple tasks. As patients improve and build up
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strength, they will be shown larger movements and more complicated exer-
cises. Occupational therapy is to help patients to perform meaningful and
purposely occupations by adapting to their disability, for example, learning
to eat or dress using one hand.
Figure 1.4: Hand in functional position.
In NHNN, physiotherapists use the Bobath (Bobath, 1977) approach
which comprises exercises with stretching and movement repetitions. It
also encourages voluntary movement and intensive use of the affected limb
in all activities especially those related to functional movements, such as
drinking and eating. During the session, physiotherapists facilitate patients
to use the correct muscle while performing a movement. For example, it is
essential to keep the patient’s hand in functional position while performing
exercises to ensure comfort and correct biomechanical movements. Fig. 1.4
shows the hand’s functional position. The therapist has to be very careful
with the range of movement during training so as not to jeopardize recov-
ery. This is because sub-acute patients have limited range of motion in
the shoulder after stroke (Lindgren et al., 2007). Fig. 1.5 shows a phys-
iotherapist stretching a patient’s arm and assisting a patient to perform a
reach-grasp sequence.
However, there are some drawbacks in the current conventional rehabil-
itation. In practice, patients receive only short periods of therapy on the
upper limb (Bernhardt et al., 2007) due to limited resources, although a
study has shown higher intensity of rehabilitation leads to better improve-
ments in ADL and functional outcome parameters (Kwakkel et al., 1997).
Furthermore, the main focus of rehabilitation session is stability and mobil-
ity, often neglecting the rehabilitation of upper limb. Once patients regain
ability to stand and walk, they will usually be discharged from the hospital,
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Figure 1.5: Upper limb rehabilitation with physiotherapist involves stretch-
ing and assisted reach-grasp sequence movements.
even without having regained the full upper limb function. This normally
happens between 2nd to 6th week. Other limitations of current rehabil-
itation strategies include physiotherapy interventions that are difficult to
standardize between practitioners, the lack of repeatability and objective
assessment (Barreca et al., 2003), as well as limited speed, sensing and
strength of the therapists’ neuromuscular system (Hogan et al., 2006).
1.3 Rehabilitation robotics for upper limb
Robotic devices used for neurorehabilitation can assist physiotherapists in
upper limb rehabilitation, leading to similar or larger improvements of
the upper limb functions than conventional therapy (Reinkensmeyer et al.,
2007). Robot-assisted therapy can provide intense and consistent treatment
important for efficient recovery of the motor function (Prange et al., 2006),
train a broad range of exercises, as well as promote motivation through
games and virtual reality technology (Hogan et al., 2006; Pyk et al., 2008;
Burke et al., 2010; Sivak et al., 2010). It can also continuously assess the
patient’s sensory-motor performance and degree of impairment during and
after the therapy. This section describes the existing robots dedicated to
upper limb rehabilitation.
1.3.1 Robots for reaching
Many robots have been built for the reaching movement (comprising shoul-
der and elbow activities) as it is one of the most important movements
fundamental to many ADL. MIT-Manus (Krebs et al., 1998) was one of the
first robots developed to train this movement. It is available commercially
now as InMotion 2.0 Shoulder Robot. It has 2 degrees-of-freedom (DOF)
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that assist shoulder and elbow movement by guiding the patient’s arm in
a horizontal plane. It has visual and haptic feedback during goal-directed
movement. Another robot dedicated for reaching was the ARM Guide (As-
sisted Rehabilitation and Measurement Guide) which uses a linear rail con-
straint powered by a motor to assists reaching moment in a straight-line
trajectory (Reinkensmeyer et al., 2000). The simple design was based on
characteristics of reaching movements which typically follow approximately
straight-line trajectories. Several clinical studies had been carried out using
both robots and were shown to improve arm reaching (Hidler et al., 2005).
However the improvements did not generalize to the untrained part of the
hand, e.g. fingers and wrist (Volpe et al., 2000). Thus, it is important to
have a module to train the whole hand. Fig. 1.6 shows the MIT-Manus and
ARM Guide robot.
Figure 1.6: Robotic devices for reaching rehabilitation. MIT-Manus (left)
and ARM Guide (right).
1.3.2 Robots for manipulation
The majority of the robotic devices focus on retraining the upper extremity
but researchers have now begun to investigate the potential use of robotic
devices for hand rehabilitation (Balasubramanian et al., 2010). Takahashi
et al. (2005) developed HWARD, a 3 DOF robot, which is pneumatically
powered to assist hand grasp and release movements. The three degrees of
movement are flexion/extension of the four fingers together about the MCP
joint, flexion/extension of the thumb at the MCP joint and flexion/extension
of the wrist. The plamar hand is left unobstructed, permitting the place-
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ment of real objects into a grasping. However, the use of pneumatic power
requires a compressor, which means added noises and complexity, and it
may not be comfortable for patients nor suitable for safe use in a rehabili-
tation unit. Hesse et al. (2008) developed The Finger Trainer (Reha-Digit)
which consists of four mutually independent plastic rolls, each fixed eccen-
trically to the powered axle of the device, forming a cam-shaft. The four
fingers were moved passively in a biomechanic range of movement. Clinical
results illustrate that there was improvement in muscle tone but the result
was too small to demonstrate any effect on functional outcome. Lambercy
et al. (2007) developed Haptic Knob, a 2 DOF robot to train grasping and
forearm pronosupination. The device is compact, safe and simple to use.
Motivating game-like exercises were implemented, where subjects interacted
with the robot actively. They performed movements or generated grasping
force while receiving interactive visual, sensorimotor or psychological feed-
back. However, the Haptic Knob trains only hand movement and does not
allow training for reaching. Fig. 1.7 shows HWARD, The Finger Trainer
and Haptic Knob robot.
Figure 1.7: Robotic devices for hand rehabilitation. HWARD (left), The
Finger Trainer (middle) and Haptic Knob (right).
1.3.3 Robots for reaching and manipulation
Training reaching or hand manipulation alone may not transfer well to ADL
(Hidler et al., 2005). Thus, it is important to develop a system to train both
of these movements together. Such a system, however, generally involves
a large number of DOF to control the movements in space. For example,
ARMin II (Nef et al., 2007), has 6 DOF to enable positioning of the hand in
3-Dimensional (3D) workspace and Gentle/G (Loureiro and Harwin, 2007)
has 9 DOF to train both reaching and grasping in a reach-grasp-transfer-
release sequence. As a consequence, these systems are often large and costly.
Fig. 1.8 shows ARMin II and Gentle/G robot.
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Figure 1.8: Robotic devices for arm and hand rehabilitation. ARMin (left)
and Gentle/G (right).
1.3.4 Synthesis
Table 1.1 summarizes the main characteristics of the representative robotic
interfaces which train reaching and/or manipulation. The table lists the
number of DOF available, movements trained, general workspace of the
robot, ROM of each DOF and the maximal force/torque that can be applied
at the output of the system.
In summary, robots which train reaching or manipulation separately have
3 DOF or less, while robots which train both reaching and manipulation
have 6 DOF or more. Generally, the more actuators used in a robot, the
more expensive and less safe it could be. Training usual functional tasks
involving the hand function in principle requires a complex robotic system
with a large number of DOF. Such robotic rehabilitation systems are often
large and costly devices, requiring technical assistance and making them
unsuited for decentralized use at hospitals, rehabilitation centers or homes.
Robot that is small-sized and low cost would be more portable, affordable
and require less preparation effort. However, existing small systems such as
MIT-Manus, ARM Guide, Haptic Knob and HWARD, could only perform
either reaching or manipulation separately and this form of training may not
transfer well to functional tasks. It would be beneficial if a simple robot with
few DOF can be designed to rehabilitate both reaching and manipulation
simultaneously as efficiently as existing complex robots.
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1.4 Motivation
Clinical studies have shown that robotic rehabilitation of arm function can
provide similar or larger improvement of the motor function than conven-
tional therapy (Prange et al., 2006; Hogan et al., 2006; Kwakkel et al., 2008).
However, most studies have trained only proximal arm function without co-
ordination of the hand, which does not transfer well to everyday tasks such
as drinking from a cup or manipulating objects (Hidler et al., 2005). Simi-
larly, collaborator therapists from NHNN expressed the need to train both
the reaching and hand manipulation together rather than to train just spe-
cific movements.
To perform arbitrary movements in 3D space, humans would need at
least 6 DOF, more if hand and finger movements are considered. However,
neuroscience studies have shown that humans generally use regular motion
patterns involving fewer DOF or synergies (Bernstein, 1967) to simplify
motion control. Motor synergies in humans involve the natural selection of
muscles and joints and their coordinated movements in order to move as a
single functional unit to perform a task. Thus, it may be possible to use
these motion invariances to simplify the design of dedicated rehabilitation
devices. For example, it is well known that, in reaching movements, the
hand follows approximately a straight line path from the start point to the
target (Morasso, 1981). Therefore, ARM Guide (Reinkensmeyer et al., 2000)
has only one active DOF, designed based on the endpoint approach, which
considerably simplifies the design and makes the device safer and cheaper
relative to an exoskeleton system with 6 DOF. However, ARM Guide can
only train isolated reaching movements without wrist or hand movements,
critical to ADL.
The use of robotic device for sub-acute patients may have a big impact
in their recovery because at this stage their spontaneous recovery may lead
to the highest possible recovery of the motor function. However, for sub-
acute patients, excessive and inadequate use of shoulder movement can lead
to problems, such as hemiparetic shoulder pain or shoulder subluxation
(Lindgren et al., 2007), which can deteriorate the rehabilitation process.
Taking this into consideration, to train sub-acute patient and to train only
the permissible small range of movements, a relatively simple robot may be
adequate.
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1.5 Objectives and approach
The main objective of this project is to develop a simple robotic system to
assist rehabilitation for upper limb that could easily be integrated in existing
hospital environments, decentralized centers and even used at home. The
vision is that the patients could train whenever they want and are motivated
to do so sufficiently often to get maximal possible recovery of their motor
functions.
The following approach was used to design a simple, portable and effective
robot:
1. The most important movements required by patients and trained by
physiotherapist to treat (sub-acute) patients were examined.
2. A robot which only takes into account the regularities of the chosen
functional movements was designed, reducing possible movements to
a low dimensional space.
3. ReachMAN, a 3 DOF robot, was implemented to train reaching and
manipulation that takes into consideration measurements from biome-
chanical parameters that yield safety and suitable performance.
A good rehabilitation strategy is important to enhance the recovery pro-
cess (Marchal-crespo and Reinkensmeyer, 2009). For example, there is evi-
dence that continuous therapy days may enhance functional recovery. Sim-
ilarly, circuit-training programmes in which patients train functional tasks
at different stations was shown to be effective in improving gait-related ac-
tivities (Kwakkel, 2006). As such, it is important for a rehabilitation robotic
system to allow variety of training and at higher intensity to cater for dif-
ferent levels of capability. ReachMAN’s exercises were developed as games
based on active participation for patients to train with. Visual, haptic and
audio feedbacks are provided as a virtual environment for game and to in-
crease motivation. Different levels of difficulty are provided to suit patient’s
ability. Reward was provided by letting the subjects progress on a scale of
difficulty levels related to motor performance.
A pilot study with 3 sub-acute subjects was conducted to evaluate the
potential use of ReachMAN as a rehabilitation tool which showed positive
results. Based on these results, a clinical study for 20 sub-acute subjects
was started, where difficulty level is automatically adapted to investigate
the benefit of using the ReachMAN for rehabilitation. This clinical study
is still ongoing, but 6 subjects had completed their training. This thesis
reports the preliminary results involving the 6 subjects.
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1.6 Thesis outline
Chapter 2 investigates the hand trajectory while performing pick-and-place,
drinking and eating movements. These movements are fundamental to per-
form ADL and often used to train patients. An experiment was conducted
with five healthy subjects to study how they perform these tasks and which
DOF the movements involve. The finding was then applied in the design of
ReachMAN, a robot with few DOF to train reaching, pronosupination and
grasping.
Chapter 3 describes the design and development of ReachMAN. The ob-
jective is to design a robot which can train simultaneous reaching and ma-
nipulation, using a reduced number of DOF and compact size, without
sacrificing safety, user comfort and efficiency. The concept and final design
of the ReachMAN are presented in detail, including hardware, control and
safety features. Design steps and first prototypes are described briefly.
Chapter 4 presents the results of pilot study conducted with 3 sub-acute
subjects to evaluate the potential of ReachMAN and its exercises as a reha-
bilitation tool and to determine how it should be used. An explanation of
the exercise modules, comprising game-like exercises to motivate subjects,
is also presented.
Chapter 5 describes the clinical study to evaluate ReachMAN as reha-
bilitation robot. The plan was to recruit 20 sub-acute subjects but this
thesis presents only the results of 6 subjects who had now completed their
six weeks robot therapy. This chapter also describes the enhanced exer-
cise modules used in a clinical study which incorporated more systematic
therapy protocols and auto adaption of difficulty levels.
Chapter 6 concludes the contributions of this project and discusses po-
tential future work.
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2 Analysis of human biomechanics
for functional task
2.1 Introduction
It is well known that in reaching movements, the hand follows approximately
a straight line movement (Morasso, 1981). Therefore, simple rehabilitation
robots have been developed to train reaching movement, such as ARM Guide
(Reinkensmeyer et al., 2000), and virtual channel strategies have been im-
plemented on more complex robots to restrict a user along a straight line.
The hypothesis is that a relatively simple robot may be used to train basic
arm and hand functions of stroke patients.
In this study, the kinematics of three common functional tasks were ana-
lyzed: pick-and-place of objects, drinking and eating. These activities were
selected as they are critical functional activities for recovery, especially pick-
and-place, and are the most commonly trained activities during conventional
therapy. The aim of the study is to find the minimal characteristics that
a robot’s workspace should have in order to train these functional activi-
ties while considering typical limitations of sub-acute patients such as the
shoulder movement’s limitations to prevent shoulder pain (Zorowitz et al.,
1996; Turner-Stokes and Jackson, 2002; Lindgren et al., 2007).
Another aspect of this study is to determine the relationship between
vertical (upward) displacements and target distances while performing pick-
and-place movements and to find a ”typical” trajectory. A limitation of
many end-effector approaches is that they do not allow movements in the
upward direction, restricting training to ”unnatural” performance. Deter-
mining typical vertical displacements may facilitate the design of devices
that can provide just the necessary vertical displacement. Finally, the shoul-
der and body movement at different target distances are also investigated.
While it is expected that these displacement will increase for distant tar-
gets, it is important to quantify it such as to determine when it will be
acceptable for sub-acute patients, i.e. so as to not force them to perform
improper shoulder movements, hence minimizing shoulder problems.
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2.2 Methodology
Five male right-handed subjects without known impairment gave their con-
sent to participate in this study (age: 26.8±3 years, height: 1.74±0.06m).
Subjects were asked to perform a pick-and-place task, an eating, and a
drinking tasks. Movements were recorded using a ten- camera, Vicon MX
digital optical motion system at a rate of 200Hz. Passive markers were
placed on the right and left acromion, back and front torso, right lateral
epicondyle and on the object (Fig. 2.1A). Two markers were placed on op-
posing sides of the glass and their average position was used as the object’s
center of coordinate.
2.2.1 Pick-and-place task
Subjects were asked to sit comfortably on a chair in front of a table. The
chair height was individually adjusted such that when the subject flexed
the arm (elbow flexion: 90o, shoulder flexion: 0o, shoulder abduction: 0o)
and placed his forearm on the table, this would not produce any scapu-
lar elevation. To adjust the distance between each subject and the table,
each person was asked to hold a glass (8cm in diameter) placed at a fixed
position on the table (origin) and located in the midsagittal plane of the
subject. Subjects were asked to hold the glass with a wrap grasp and with
comfortable shoulder abduction. The chair was then adjusted such that the
subject’s elbow was flexed at 90o.
Subjects had to pick-and-place a glass at 30 different positions located
along three straight paths rotated -30o, 0o and 30o respectively from the
midsagittal plane as shown in Fig. 2.1. Paths rotated beyond |±30o| were
not considered as movements performed along these paths would (especially
when arm adduction is required) involve a lot of shoulder movements which
could cause pain in sub-acute patients. Each position was indicated with
a 5mm marker and numbered from 1 (near) to 10 (far) for each path. To
facilitate further comparison between subjects’ data, the task was normal-
ized such that markers within each path were separated at intervals of 10%
the length of each subject’s arm, which was defined as the length from the
acromion to the middle-finger knuckle. Arm lengths varied from 61 to 67cm
between subjects. Each subject was instructed to pick the glass from the
origin position and place it on top of a marker (outward movement), wait
for approximately 3 seconds, then pick the glass again and bring it back to
the origin (inward movement). Subjects were asked to perform this action
going from markers 1 to 10 for each path and starting from the -30o path,
26
following the 0o and ending with the 30o one, and to move at comfortable
speed.
Subjects repeated this procedure six times: three times using a wrap
grasp and three times using a circular grasp as shown in Fig. 2.1. Each
subject made a total of 360 pick-and-place movements (90 inward and 90
outward movements with a wrap grasp and the same with a circular grasp).
Figure 2.1: (A) Pick-and-place setup with passive markers, as indicated by
red dots, placed on 1. front torso, 2. back torso, 3. left acromion,
4. right acromion, 5. right humeral lateral epicondyle and 6. two
markers at opposing sides of the glass, (B) wrap grasp and (C)
circular grasp.
2.2.2 Drinking task
Within the same setup used for the pick-and-place task, subjects were asked
to perform 30 drinking movements. The drinking movement started with
the glass placed at the 2nd and 4th markers on each path. A total of three
paths were used and each movement was repeated 5 times. Subjects were
instructed to pick the glass with a wrap grasp, simulate drinking from it
(moving at comfortable speed), hold the glass still at the mouth for approx-
imately 3 seconds and place the glass down on the same marker.
2.2.3 Eating task
With the same setup as before, subjects had an extra marker placed on their
right thumb distal phalanx and were asked to hold a spoon. A mass of 12g
was placed on the tip of the spoon to simulate holding some amount of food.
A small plate of 15cm in diameter was centered at the 2nd marker of the 0o
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orientation path. Subjects were then asked to perform 10 movements simu-
lating eating soup and to move at comfortable speed. They were instructed
to hold the spoon still before starting the movement and when reaching the
mouth for approximately 3 seconds; this, in order to ease segregation of the
data afterwards.
2.2.4 Data analysis
Raw positional data in time series from Vicon motion capture system was re-
constructed using Vicon Nexus 1.3 software. Data analysis was performed
with Matlab R2009a and Mathematica 6.0 softwares. Raw data was fil-
tered using a second-order, low-pass Butterworth filter with a 5Hz cutoff
frequency.
A computer program was developed in Matlab to automatically segregate
outward from inward movements using the velocity of the object’s markers.
Movements were separated when the magnitude of the object’s velocity was
equal or above 5% of the correspondent movement’s peak velocity. All
processed data was visually inspected to guarantee the algorithm did not
delete part of the movement or mistake movements.
Three main aspects were analyzed in the data: i) the lateral deviation of
the movement from the straight line that connects the starting point and
the end point for all tasks, ii) the vertical displacement during the pick-and-
place task, in particular, the relationship between target distance and how
much the object is lifted, and iii) shoulder and forward body movements
dependant on the target distance.
To compare data across trials, time was normalized by dividing the present
time (considering t=0 second at the beginning of each movement) with the
total time that was taken to complete the particular movement.
For the analysis of the lateral deviation for the pick-and-place task, move-
ments were separated in 12 clusters according to their direction, i.e. outward
and inward for -30o, 0o and 30o paths, and to the type of grasp used, i.e.
wrap or circular. Each cluster comprised data from 10 target distances, i.e.
from 10% to 100% the subject’s arm length; for the drinking task, move-
ments were separated in 6 clusters according to the glass’ start position, i.e.
2nd and 4th for each -30o, 0o and 30o path; finally, for the eating task, all
data was analyzed together. Lateral deviation from the straight line was
defined as the displacements from the straight line that connects the first
and last point of each movement along the axis that is perpendicular to this
line and parallel to the XY plane. Positive lateral deviation was defined for
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displacements towards the right-hand side of the subject for both inwards
and outwards directions. In order to combine these data, lateral deviation
was normalized by dividing the present deviation with the target distance.
Data was re-sampled at every 1% of the normalized time using cubic splines
interpolation.
For the analysis of the relationship between target distance and how much
the object is lifted during the pick-and-place task, movements were sepa-
rated in 60 clusters according to their direction, i.e. outward and inward
for -30o, 0o and 30o paths, and to their target distance, i.e. from 10%
to 100% the arm’s length. Z-coordinate data of the glass’ markers was
normalized by dividing the present vertical displacement with the target
distance. Maximum vertical displacement of each subject was obtained for
all the data clusters. For the analysis of the shoulder and forward body-
movements dependant on the target distance, movements were separated
in 60 clusters as before, but the 30 clusters including inwards movements
were not considered. Data from the right acromion marker was used for this
analysis. For each particular movement, the first data point was considered
to be the movement origin. Data was normalized by dividing the present
shoulder-body displacement with the target distance. Maximum shoulder-
body displacement of each subject was obtained for all the data clusters. In
all cases, the target distance was defined as the Euclidean distance between
the start point and the end point of a particular movement. For all anal-
ysis, and to avoid assuming a normal distribution of the data, trajectories
are presented as a seven-number summary including the 2nd, 9th, 91st and
98th percentiles, the 1st and 3rd quartiles and the median.
2.3 Results
2.3.1 Pick-and-place
Fig. 2.2A shows the trajectories of the glass from a subject performing
the pick-and-place task. It can be seen that vertical displacements tend
to follow a ”semi-circle” trajectory while the object’s trajectory is roughly
constrained to a vertical plane: the trajectories in the transverse plane follow
roughly a straight line and have little deviation.
Average velocities (i.e., target distance divided by time to perform the
movement) were calculated for each trajectory and grouped according to its
normalized target distance (i.e. movements in the -30o, 0o and 30o direc-
tions were grouped together). Average velocities were normally distributed
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Figure 2.2: Typical hand trajectories for pick-and-place (A), drinking (B)
and eating (C) movements.
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for each data cluster. Velocity profiles of the movements presented a bell-
shaped profile. Results of average velocities and peak velocities are shown
in Table 2.1.
Table 2.1: Pick-and-place velocities’ for different target distances
Target distance
Average Velocity Peak Velocity
Mean Mean deviation Mean Mean Deviation
(%arm’s length) (m/s) (m/s) (m/s) (m/s)
10% 0.18 0.05 0.48 0.20
20% 0.27 0.05 0.55 0.10
30% 0.36 0.05 0.75 0.16
40% 0.46 0.06 0.88 0.12
50% 0.56 0.08 1.05 0.13
60% 0.64 0.08 1.19 0.15
70% 0.72 0.09 1.38 0.23
80% 0.76 0.10 1.43 0.18
90% 0.81 0.10 1.52 0.20
100% 0.82 0.10 1.57 0.20
Lateral deviation
For a given path, the seven-number summary of the normalized deviations
for each target distance did not differ significantly from each other and
therefore data for each path were grouped together; this allowed us to re-
duce the data from 120 to 12 data clusters. When analyzing the data for
each of the different directions, data was normally distributed for every re-
sampled normalized time. Deviations while using a wrap grasp, or a circular
grasp, were compared on the respective clusters at different conditions, e,g.
-30o outwards, wrap grasp movements were compared with -30o outwards,
circular grasp movements, and so on. No significant difference was detected
(t-test, p>0.05 for every condition) and the correlation between the median
trajectories of each condition was (>0.85). Therefore, data from both condi-
tions were combined together for the different directions, i.e. -30o outwards,
wrap grasp movements were combined with -30o outwards, circular grasp
movements, and so on.
Fig. 2.3 shows a seven-number summary of the lateral deviations for each
orientation condition during the pick-and-place task. Locations of the differ-
ent percentiles were almost equally spaced suggesting normally distributed
trajectories. It was found that, for a pick-and-place movement subjects de-
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viate from the straight line less than 5% of the length of the target distance
for at least 82% of the data trials, e.g. if a subject (arm length>50cm) is
asked to perform a pick-and-place movement to a target which is located
50cm away and located on a path at 0o from the sagittal plane, a deviation
of less than ±2.5cm from that path is expected. Moreover, the data show
that there is a slight tendency to laterally deviate to the right when perform-
ing movements directed at -30o, and to laterally deviate to the left when
performing movements directed at 30o. This could be justified by the biome-
chanics of the subjects, in the sense that pick-and-place movements that are
more directed towards the medial part of the body require less elbow exten-
sion and more shoulder adduction, whereas pick-and-place movements that
are more directed towards the lateral side, require less shoulder movements
and more elbow extension
Vertical displacement
When subjects perform pick-and-pace movements it is expected that the
vertical displacement will follow a ”semi-circular” trajectory from the start
to the end point as shown in Fig. 2.2. The shape of this trajectory is basically
the same for different target distances and orientations, yet the maximum
vertical displacement (i.e. how much the object is lifted) changes for differ-
ent target distances. Fig. 2.4. shows the maximum vertical displacements
that were obtained for different target distances when performing pick-and-
place movements along the 0o orientation path. This graph is considered
to be representative as the same tendency was obtained for the different
path orientation (±30o), i.e. when moving along the other paths, the max-
imum vertical displacement started at about 40% of the target distance,
decrease ”rapidly” until about 30% and the decrease ”slowly”, ending at
about 20%. It is to be noted that the further the movement is, the smaller
the ratio between target distance and maximum vertical displacement is,
e.g. if a subject with 60cm arm length is asked to perform a pick-and-place
task with target 12cm (20% of the arm’s length) away from him/her, it is
expected that he/she will be lifting the object around 3.6cm ( 30% of the
target distance) to perform the task; similarly if the same subject is asked
to position the object 60cm (100% of the arm’s length) away from him/her,
then it is expected that he/she will lifts the object about 9cm ( 15% of the
target distance).
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Shoulder-body displacement
Fig. 2.5 shows the maximum shoulder-body displacement against different
normalized target distances for the 0o orientation path. Shoulder-body dis-
placement was considered to be a combination between scapular flexion and
torso flexion. For this analysis, the ±30o orientation paths are neglected,
since torso and scapular flexion would not reflect the actual shoulder-body
displacement necessary to achieve the task.
2.3.2 Drinking
Fig. 2.2B shows the trajectories of the glass (center) from a representa-
tive subject performing the drinking task from the 4th marker of the 0o
orientation path. It can be noted that, as in the pick-and-place task, the
trajectories in the transverse plane follow roughly a straight line and have lit-
tle deviation. Contrary to the pick-and-place task, average velocities across
subjects were not normally distributed; then, Table 2.2 shows the minimum,
median and maximum values for the average velocity at different marker
distances, which are the positions of the glass starting position. Velocity
profiles for these drinking movements were bell-shaped and the peak veloci-
ties are presented in Table 2.2. For the drinking task a similar procedure to
the pick-and-place was followed in order to analyze the data. Fig. 2.6 shows
the lateral deviation from the line that connects the starting glass position
(on the table) to the end glass position (at the mouth) for different target
distances and orientations. From the results, it can be seen that drinking
movements requiring the shoulder more adducted seem to have less lateral
deviation from the straight line; also, the farther the starting point, the
larger the lateral deviation. As in the pick-and-place task, approximately
82% of the data trials deviate from the straight line less than 5% of the
length of the target distance, which in this case is determined by the height
of the subject’s torso and initial glass position on the table.
Table 2.2: Drinking velocities’ for different target distances
Target distance
Average Velocity Peak Velocity
Min. Median Max. Min. Median Max.
(%arm’s length) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
20% 0.51 0.65 0.79 0.62 0.75 1.03
40% 0.60 0.71 0.94 0.63 0.99 1.39
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2.3.3 Eating
Fig. 2.2C shows the trajectories of the thumb distal phalanx marker (re-
ferred to as the spoon position hereafter) from a representative subject
performing the eating task. Note that the spoon trajectories are similar to
the glass trajectories within the drinking task, and as in the later, subjects
performed the task at very different paces, so the average velocities were
not normally distributed. Average velocities for performing this task had
a minimum of 0.37m/s, a median of 0.42m/s and a maximum of 0.51m/s;
peak velocities had a minimum of 0.57m/s, a median of 0.81m/s, and a
maximum of 1.16m/s. Again, a similar procedure as before was followed in
order to analyze the data. Fig. 2.7 shows the lateral deviation from the line
that connects the starting spoon position (near the table) to the end spoon
position (near the mouth). Percentiles of the lateral deviation for eating
are less equally spaced compared to the pick-and-place and drinking tasks.
This is expected as different subjects have different strategies for manipulat-
ing the spoon to eat soup, whereas performing pick-and-place and drinking
movements require more similar movements within subjects. Nonetheless,
approximately 96% of all the data trials also deviate from the straight line
less than 5% of the length of the target distance.
2.4 Discussion
The ratio between the normalized maximum vertical displacement and the
target distance decrease at greater target distances for pick-and-place task.
On the shoulder-body displacement analysis, it is to be noted that there is
no known maximum displacement on which shoulder problems can be min-
imized; however, collaborator physiotherapists from NHNN advised that
shoulder movements should be kept at the minimum during the sub-acute
phase and suggest maximum shoulder movements of less than 5cm. From
the results, it can be concluded that it is necessary to restrict target dis-
tances to less than 40% of the subject’s arm length when training sub-acute
patients. For example, for a sub-acute stroke patient who has an arm length
of 50cm is recommended to train pick-and-place movements no larger than
20cm away from the body.
Analysis of the data (Fig. 2.2) showed that the path which the object
is moved is predominantly confined to a vertical plane, and the deviation
relative to this plane is only 5% of the traveled distance. Based on these
results, it is assumed that the object’s path can be constrained to the sagittal
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plane (Fig. 2.8).
Findings from this study suggest that hand movements during functional
tasks can be reduced to few DOF due to motor synergies. Similarly, suitable
range of reaching movement was identified based on subjects’ arm length.
These results can be used to design of robotic device for the upper limb,
where it may be possible to minimize the number of DOF of a robot which
trains reaching, potentially enabling reduction of complexity, size and cost.
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Figure 2.3: Deviation from the straight line during pick-and-place
movements.
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Figure 2.4: Maximum vertical displacement against target distance.
Figure 2.5: Maximum shoulder-body displacement during pick-and-place
movements.
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Figure 2.6: Lateral deviation from the straight line for drinking movements
(from table to mouth). Each graph corresponds to a given condi-
tion of normalized marker distance (NMD) and path orientation
(PO).
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Figure 2.7: Lateral deviation from the straight line for eating soup move-
ments (from table to mouth).
Figure 2.8: Object’s path is constrained to sagittal plane for pick-and-place,
drinking and eating task.
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3 Design and implementation of
ReachMAN
3.1 Design concept
The design concept of this rehabilitation robot was based fundamentally on
three points:
1. Developing a simple robotic system with minimal DOF to assist upper
limb rehabilitation. The reduction in size and cost would potentially make
this robot more affordable by rehabilitation unit. Although simple in de-
sign, the robot should be able to train post-stroke subject’s upper limb effi-
ciently. Targeted users were post-stroke subjects at sub-acute stage because
they have spontaneous recovery that may benefit from more training. The
use of robotic device at this stage may help enhance the recovery through
additional training hours without too much workload for physiotherapists.
2. The robot will be used for rehabilitation to regain movement, increase
strength, improve control of the hand. The robot exercise was not targeted
at treating spasticity. Hand spasticity was treated before starting a robot
rehabilitation session.
3. Robot will need to train basic movements such as reaching, grasping
and pronosupination because physiological and rehabilitation considerations
(Winstein et al., 2003) suggest that training should focus on complete func-
tional tasks. According to collaborator physiotherapist, Karen Baker from
NHNN, reaching, pronosupination and grasping movements are important
for acquiring most functional movements. One common exercise used at
NHNN is simultaneously reaching to a target position while pronosupinat-
ing the hand. If subjects can perform this simple reaching movement while
pronosupinating, he/she may perform better in functional movement and
score well in clinical assessment.
3.1.1 Design specification
The main design specifications for the robot design listed below were con-
sidered in the robot’s design. At the fundamental level, the rehabilitation
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robot must be safe to use, and needs to provide adequate forces within a
safe threshold, confined to biomechanically reasonable workspace. The in-
terface to the robot should be flexible, so that it adapts to each patient’s
biomechanics, yet does not require too much customization to remain cost-
effective.
Therapy-oriented
Training provided by the robot should be derived from effective rehabilita-
tion strategies to help subjects recover faster. Two tested strategies of robot
therapy that have been shown to benefit users are assistive and challenge-
based. Assistive control is the most developed paradigm where subjects’
weak limbs are assisted to move in desired pattern during reaching and
grasping, a strategy similar to active assisted exercises performed by physio-
therapists (Marchal-crespo and Reinkensmeyer, 2009). The challenge-based
strategy makes tasks progressively more difficult to increase motivation and
require more strength to complete a task. With ReachMAN, challenges
can be provided by either applying resistance force or altering perceived
movement through modified visual feedback.
Compactness and portability
In order for a rehabilitation robot to be easily deployed and used in hospitals,
homes or decentralized centers, it has to be compact and portable. Ideally,
it should fit onto a platform not bigger than a standard computer table for
portability. The platform should be fitted with wheels and applied with
brakes capable of holding the whole platform in stationary position while
treatments are being conducted.
Safety
One of the most crucial requirements for the robot is safety as it interfaces
with human. The robot must incorporate multiple safety precautions in
its design, in the form of mechanical hardware and software control. The
safety criteria imposed for the ReachMAN would include constraining the
robot actuation within human biomechanical ranges and forces. One way
is to install limit switches at the end of the range of movement to stop the
whole system if the robot moves out of safety boundaries. Additionally, an
emergency button to stop the motor has to be within easy reach of both
physiotherapist and subjects.
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Comfort and versatility
To enable longer training session, the robot interface has to be comfort-
able and takes into consideration the biomechanics of the hand. It is also
necessary to have a support which maintains the arm, wrist and hand in
comfortable position throughout a training session. As the robot is meant
for patients of various builds and levels of impairment, the robot should
be versatile enough to adapt to the requirements. For example, the robot
should be able to accommodate either the left or right hand, different hand
sizes, lengths and breadths of arms and heights. The robot should pro-
vide different levels of training difficulty to cater for individual capabilities.
Low to moderate resistance forces would be suitable for patients with more
severe impairment while higher forces would benefit patients with mild im-
pairment.
Motivation
Rehabilitation involves long sessions of repetitive movements and it is im-
portant to keep patients motivated enough to continue doing them. One
possible way is by designing therapeutic exercises in the form of virtual,
game-like environments. Simulated visual and haptic feedbacks help to
package the repetitive movements into more interesting forms. Performance
or scores can be displayed frequently during or at the end of their sessions
to encourage patients to complete their exercises and to further attempt
higher challenges.
3.1.2 Proposed design
The kinematics study of hand trajectories, as described in Chapter 2, has
shown that pick and place, eating and drinking movements are confined to
a saggital plane. Movement of the object is reduced to a few DOF due to
natural synergies, therefore a simple mechanism can be designed controlling
only these DOF. Specifically, a linear actuator constraining movement to
the sagittal plane can be used, which in fact supports the hand movement
and prevents it from diverging from the straight path line. A module for
pronosupination with an active grasping handle is fixed to the linear axis.
Moving both the linear and rotary mechanisms can create many desired
trajectory or force field required to train functionally critical ADL tasks such
as pick-and-place, drinking and eating. With this device, grasping, which
is the prerequisite of manipulation, can be trained alone or in combination
with arm and hand movement.
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Placing the module with the rotary actuator normal to the linear axis
enables 2 DOF motion in the sagittal plane, as is needed to train drinking
or eating (Fig. 3.1A). By changing the orientation of the rotary actuator
parallel to the linear axis (Fig. 3.1B), one obtains a Haptic Knob. Knob
manipulation (e.g. to manipulate knob to regulate the temperature of an
oven or to select volume/frequency of a radio) is one the tasks chronic sub-
jects would like to recover most (Lambercy et al., 2007). The combination
of a linear axis, a rotation and grasp (3 DOF) enables training of many com-
mon functions involved in manipulation. In particular, it enables training
of complete functions (e.g. taking a key, placing it in a lock and opening the
door) which are thought to be required for good recovery of ADL (Winstein
et al., 2003).
Figure 3.1: (A) Placing the module with the rotary actuator normal to the
linear axis enables 2 DOF motion in the sagittal plane, as is
needed to train drinking or eating. (B) Placing the module
with the rotary actuator parallel to the linear axis enables knob
manipulation consists of reaching, pronosupination and grasping
movements. ReachMAN, the robot describes in this thesis, is
based on this feature.
This chapter presents the development of ReachMAN using the second
proposed design with the rotary actuator parallel to linear axis. A linear ac-
tuator will be used for reaching movement (approach used by ARM Guide),
a DC motor is used for pronosupination (approach used by Haptic Knob)
and a custom-made mechanism will be built to train grasping. ReachMAN
allows training of each individual or a combination of the reaching, prono-
supination and grasping movements. The possibility of combining these
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movements allows the training of a complete functional task such as knob
manipulating which requires subject to reach, grasp and rotate.
3.1.3 Biomechanical constraints
Biomechanical constraints for the three movements to be trained (grasping,
pronosupination and reaching) were identified in order to make an appropri-
ate robot design and to select suitable components for its implementation
ensuring safety and performance with limited costs.
Grasping
For healthy adults, the maximum hand opening averages about 0.18m (Lam-
bercy et al., 2007) while maximum diameter that can be grasped with the
thumb and middle finger just in contact is about 0.04m (Feeney, 2002).
Subjects should be allowed to close the hand as fully as possible while using
the robot.
The maximal grasping force healthy subjects are able to produce amounts
to more than 500N (National Aeronautics and Space Administration, 1995).
However, typical activities of daily living only require a force between 1-10N.
For example, 7.0N is required to manipulate a key and 10N is sufficient to
assist hand grasping. Thus, the robot was designed to be able to produce a
grasping force not more than 10N.
Forearm pronosupination
The forearm pronosupination is important for manipulation and many ADL,
e.g., eating, placement of the hand relative to a target object (Shaaban et al.,
2008) and knob manipulation (Lambercy et al., 2007). The range of forearm
rotation at different elbow flexion angles were estimated in (Shaaban et al.,
2008) and values are shown in Table 3.1.
The range of supination is largest when the elbow is fully flexed and prona-
tion range is largest when elbow is fully extended. However, these values are
too high for training stroke subjects because their range of motion was very
limited. Current robots train pronosupination at a range between 90o to
140o (Krebs et al., 2007; Sugar et al., 2007; Nef et al., 2006). For this robot,
the workspace range for pronosupination was set at 100o (50o for supination
and 50o for pronation) based on consultation with physiotherapists.
The maximum torque for supination is 13.73Nm and for pronation is
17.39Nm (National Aeronautics and Space Administration, 1995). For re-
habilitation of ADL, a much lower torque is required. Tasks such as open-
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Table 3.1: Maximal forearm supination and pronation in function of the
elbow flexion/extension angle of the right forearm (adopted from
Shaaban et al. (2008)).
full extension 45o flexion 90o flexion full flexion
supination 47.4o 88.5o 103.7o 115.3o
pronation 111.9o 98.2o 81.8o 55.4o
ing a bottle only require 0.7Nm (Lambercy et al., 2007) and turning a key
0.68Nm (National Aeronautics and Space Administration, 1995). However,
these values are too low when the robot is needed to guide or resist the sub-
ject’s hand during rehabilitation. Lambercy et al. (2007) developed a Haptic
Knob that can generate torque up to 1.5Nm. The same torque requirement
was set for ReachMAN.
Reaching movement
From the analysis of Chapter 2, the maximum distance the hand can reach
depends on the arm length and for the average adult, it is about 65cm from
the shoulder to the tip of the hand. The further the hand moves away
from the body, the more shoulder movement is involved. However, stroke
survivors, in particular in the sub-acute phase, should avoid large shoulder
movements. Therefore, in the robot design, workspace incorporating arm
extension on sagittal plane without requiring large shoulder movement and
workspace of normal activities of daily living were considered. When eating,
the arm extension is only about 0.2±0.05m measured from chest to the
working point. Arm extension ranges between 0.3m and 0.4m for tasks such
as opening of doors and drawers. From the measurement, the maximum
allowable travel distance was limited to 0.4m.
The maximum average push force for healthy subjects is 231N and the
maximal average pull force 222N (National Aeronautics and Space Admin-
istration, 1995). However, these values are too large for sub-acute subjects
and could jeopardize recovery. For safety reasons, the force range generated
by the robot should correspond to the force range in usual tasks. Using
a spring scale, it was measured that 20N was required to open a typical
empty drawer, 35N was required to open a door and only 2.5N to pull a
700g bowl from one position to another position on a table. Considering
this, a maximal force generation of 100N was selected for the robot.
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3.2 Implementation
3.2.1 System Overview
Several robot prototypes were developed before converging on the final ver-
sion. All prototypes were implemented based on average human biomechan-
ics. Initial prototypes were tested by healthy and post-stroke subjects, then
improvements were made based on feedback from these subjects and physio-
therapists. Fig. 3.2A shows the final version of ReachMAN with it’s mobile
platform with lockable wheels. Fig. 3.2B shows the CAD drawing of Reach-
MAN device. The first DOF is for grasping, the second rotary DOF is used
for training hand pronosupination and third DOF with linear guide enables
training reaching. The height of the ReachMAN is adjustable for standing
or seating position. The subject’s arm can be rested on the arm support
to prevent excessive use of the shoulder. Subjects train with ReachMAN
while holding to the robot handle (secured with Velcro band) and looking at
the computer monitor which provides visual feedback. The visual feedback
displays the movement of the robot handle relative to the target position.
The following sections describe in detail the design prototype for each DOF.
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Figure 3.2: (A) CAD drawing of the ReachMAN on a mobile platform. (B)
CAD drawing of ReachMAN robot. The first DOF is for grasp-
ing, the second rotary DOF is used for training hand prono-
supination and third DOF with linear guide enables training
reaching.
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3.2.2 Hardware Mechanism
Grasping mechanism
Grasping mechanism is the part which subject holds and interacts with
robot. In an earlier prototype, a non-motorized handle was used for subject
to hold, similar approach used by MIT-Manus (Krebs et al., 1998). The
handle used was from a commercial available plastering trowels’s handle.
The handle was about 40mm in diameter and suitable for different hand size
to hold. A FSR sensor was placed on the handle to measure the grasping
force and to determine the hand opening/closing. Fig. 3.3A shows the first
prototype of the grasping mechanism utilizing a plastering trowels’s handle.
Figure 3.3: (A) First prototype utilizing a plastering trowels’s handle. (B)
Second prototype with grasping mechanism.
Several healthy subjects (including a physiotherapist) and two chronic
stroke subjects were invited to test this prototype. The prototype was at-
tached to a mechanism allowing them to perform pronosupination and push-
ing/pulling. The test was to identify if the grasping mechanism prototype
was comfortable and suitable for this type of training. Several observations
were made during their trials and the subjects provided useful feedback to
improve the system. While healthy subjects had no problem holding the
handle when interacting with the robot, stroke subjects had much difficulty
holding this handle due to very weak hands. They were unable to grasp the
handle nor held on to it. To perform trials, their hands had to be strapped
to the device but this proved to be impractical and inconvenience. Stroke
subjects also expressed the need of actually performing the opening/closing
of the hand. Thus, another type of mechanism was designed to incorporate
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this degree of freedom.
Another consideration was to maintain the hand in a functional position
whenever possible to ensure comfort for prolonged training. The first pro-
totype did not have a mechanism to hold the hand in functional position
which sometimes caused discomfort and strained their wrist. Functional
position of the hand is defined as a position to splint the hand including
the wrist and fingers. It consists of dorsiflexing both the wrist between 20o
and 35o and the proximal interphalangeal joints between 45o and 60o. The
thumb is abducted and in position and alignment with the pads of fingers
(Mosby, 2009). Health professionals suggest that keeping the hand in func-
tional position will help avoid straining the hand and arm. It is because
deviating from it excessively by keeping fingers raised, curled, or unneces-
sarily far apart will cause strain (Bruser, 1999). Fig. 3.4 shows a commercial
functional position hand splint.
Figure 3.4: Commercial functional position hand splint manufactured by
Sammons Preston.
The second prototype of the grasping mechanism ensures subject’s hand
is in functional position and trains hand opening/closing. The CAD drawing
of the prototype is shown in Fig. 3.5. An aluminium U-shaped fixture is
used to hold two motors in placed. These two motors face each other and
actuate the same moving fixture. Two motors are being used instead of one
to ensure design symmetry with a balanced weight at both ends. This also
allows the use of smaller motors with lighter weights which generate the
same amount of torque as one large motor. Besides, this redundancy could
be handy if one of the motors malfunctions. The four fingers are placed on
this moving fixture while the thumb is placed on a static fixture attached on
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Figure 3.5: CAD drawing of the grasping mechanism. The design of
the mechanism positions subject’s hand metacarpal-phalangeal
joint, s, approximately at the motor rotation axis. The rotation
angle, α, can be adjusted to suit subject’s comfort.
the other side of the motors. Thus, actuating the motors will move the four
fingers either to open or close the hand. The range of opening/closing is
[0.05 - 0.18]m. The design of the mechanism positions subject’s metacarpal-
phalangeal joint, s, approximately at the motor rotation axis to ensure
correct biomechanics and comfort as shown in Fig. 3.5. The rotation angle
of the motors, α, can be adjusted according to wrist angle to achieve the
correct and comfortable hand functional position.
The motors used for this opening-closing mechanism are two RC servo mo-
tors (Hitec 755hb, South Korea) generating approximately 0.22Nm. These
motors were modified to allow PWM voltage control and position readout
using a digital encoder (Gurley R119 65536 Counts Per Revolution, US).
Thermoplastic is used for the moving fixture so the fixture can be deformed
for the fingers in neutral and comfortable curve. Light weight aluminium
is used to fabricate the base fixture. Velcro and elastic bands are used to
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securely strap the fingers (Fig. 3.6).
Figure 3.6: Subject’s hand securely grasp the mechanism with Velcro and
elastic bands. Left figure shows positioning of the four fingers
and right figure shows positioning of the thumb.
Pronosupination mechanism
The second DOF of the robot is for pronosupination (pronation and supina-
tion). Pronation is rotation of the forearm that moves the palm from an
anterior-facing position to a posterior-facing position (rotating the forearm
from palm facing up to palm facing down). Supination is the opposite where
the forearm is rotated from posterior facing-position to anterior-facing po-
sition so that the palm ended facing up.
The design concept for pronosupination in ReachMAN is based on simple
approach by using only one actuator as used in Haptic Knob. The actuator
selected to generate rotational movement is the Maxon DC Motor RE40
with a gear head GP40 with reduction of 4.3 able to generate continues
torque of 0.637Nm and stall torque up to 8.064Nm.
The grasping mechanism is attached to the pronosupination DC Motor
as shown in Fig. 3.7 to allow rotation of forearm to both directions while
subject’s hand is holding the robot. The mechanism can train either left
or right hand by rotating it to the correct angle. A digital encoder (Avago
HEDL55 500 Counts Per Revolution, US) is used to measure the rotary
angle. A force sensor ATI 6 DOF torque/force sensor is attached between
the grasping mechanism and the rotary DC motor to measure the subject’s
force. As a safety precaution, mechanical stoppers are attached on the force
sensor and the base of the robot to limit continuous rotation. This limits
pronation angle to 76o and supination angle to 258o (a total workspace range
of 334o).
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Figure 3.7: CAD drawing of the pronosupination mechanism.
Due to the current positioning of the mechanical stopper on the force
sensor, the ROM for pronation and supination is slightly asymmetric for the
left or right hand by a difference of 8o. For left hand, from forearm neutral
position (0o), the pronation range is 266o and supination range is 68o. As
for right hand, from forearm neutral position (0o), the pronation range is
250o and supination range is 84o. The asymmetry can be resolved by precise
re-positioning of the mechanical stopper on the force sensor. The present
range is sufficient for the pronosupination exercises planned for the stroke
subjects, which is 50o for both pronation and supination (total workspace
range of ±100o). Fig. 3.8 shows a subject at forearm pronation, normal and
supination positions using the robot.
Reaching mechanism
The third DOF of ReachMAN is to generate reaching movement. As the
hand typically follows a straight line to the target, the design idea for the
reaching movement is to use a mechanism with only one linear axis. D.J.
Reinkensmeyer et al. (2000) developed ARM Guide using a similar approach.
The device used one linear constraint with a single motor to assist in arm
movement, rather than a robot system with multiple active degrees of free-
dom, resulting in a simple and relatively inexpensive system. However, this
robot does not train pronosupination and hand opening/closing. The Reach-
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MAN device will incorporate a similar approach to designing the reaching
mechanism but with additional forearm pronosupination and hand grasp-
ing mechanism as described in the earlier sections. For linear constraint
in ReachMAN, a monocarrier NSK MCM05040H10K with a range of 0.4m
is used. It is a compact single axis linear actuator combining high quality
ball screws, linear guides and support bearings. This monocarrier, with
ball screw lead of 0.01m, is actuated by a Maxon DC motor RE40 and has
frictional resistance of 58mNm. A complete rotation of the DC motor will
move the linear guide a distance of 0.01m. Its maximum continuous torque
is 0.181Nm and the stall torque is 2.29Nm. With the motor efficiency being
0.9, forces generated by the linear guide can be calculated as follows:
Worklinear movement = Workrotation (3.1)
F ×Dtravel by linear guide = FR ×Done rotation
F ×X = FR × 2pir
F ×X = τ
r
× 2pir
F =
τ
X
× 2pi (3.2)
Substituting continuous torque and stall torque into Eq. 3.2, continuous
force and stall force can be calculated as follow:
Figure 3.8: Forearm at supination (A), normal (B) and pronation (C)
position.
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Fcont =
τcont − τfriction
X
× 2pi (3.3)
=
(0.9× 0.181Nm)− 0.058Nm
0.01m
× 2pi
= 65.9N
Fstall =
τstall − τfriction
X
× 2pi (3.4)
=
(0.9× 2.290Nm)− 0.058Nm
0.01m
× 2pi
= 1258.7N
Calculation shows that this actuator is sufficient to provide the required
force of 100N.
A digital encoder (Avago HEDL55 500 Counts Per Revolution, US) is
used to measure the linear position. Two proximity magnetic flux sensors
(NSK MC-SR05-00, Japan) are placed on each end of the linear guide for
limit sensing. A similar sensor is placed between these two sensors to detect
initial starting position.
Both the grasping and pronosupination mechanisms are attached to this
reaching mechanism, allowing a three DOF system to train reaching, prono-
supination and hand opening/closing movements. Fig. 3.9 shows subject
training reaching movement with the robot.
Figure 3.9: Subject pushes (A) and pulls (B) during training reaching move-
ment with ReachMAN.
Arm support
Stroke subjects commonly have shoulder weakness that require an arm sup-
port to prevent subluxation of the shoulder. There are many different ways
54
to support the arm, e.g., using commercial mobile arm support or anti grav-
ity sling. In ReachMAN, a custom made arm support was developed and
attached to the robot constraining the subject’s sideway movements while
supporting the weight of the arm. This arm support is also important to
keep arm leveled so that the hand can remain in functional position.
The first prototype of the arm support (Fig. 3.10A) was utilizing a long
piece of aluminium, with a curved arm rest made of thermoplastic attached
at one end. Height of the arm rest was adjustable to fit individual user. The
other end of the ARM Guide was attached to the base of the linear guide
allowing the arm support to move together with the robot during reaching.
Thus, subject can rest his/her arm on the support while holding the robot.
However, after several trials with heathy subjects, this aluminium fixture
was found to be not stiff enough to support the arm causing the long piece
of aluminium to bend and touch the monocarrier, generating friction.
The second prototype, an improved version of arm support, used a pair of
commercial sliding door guides to hold the arm rest in place. The pair are
placed on each side of the monocarrier with arm rest attached at the other
end (Fig. 3.10B). The placement of the two aluminium piece and the use
of sliding guides prevent deformation thus maintaining the arm at position.
This final prototype works very well in supporting the arm while performing
the required movements.
Figure 3.10: CAD drawing of ReachMAN’s arm support first prototype (A)
and second prototype (B).
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3.2.3 Control
The control of ReachMAN is implemented on a Labview real-time (RT)
target running at 1kHz. The RT target reads measurements from encoders
and force sensor from ReachMAN via a NI-PCI-6259 data acquisition card
and sets the motors’ current via two servo-amplifier ADS 50/5-Maxon and a
custom made PWM generator. The host computer displays visual feedback
at 30Hz and communication with RT Target is done via TCP/IP. Data is
stored on the target at 100Hz and can be retrieved later for post processing.
Fig. 3.11 shows the control architecture of ReachMAN system.
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Figure 3.11: ReachMAN control architecture.
There is a rotating effect on the grasping mechanism due to some un-
balanced load. The grasping mechanism design is symmetric, incorporating
two masses at opposite ends, but there are other items (such as encoders
and wires) on the mechanism that causes the imbalance. To get the grasping
mechanism to remain stationary at any position, load compensation is im-
plemented in the control to counter the torsion. The torsion load was first
identified by recording the torque at the rotating axis for every 1o angle
change in the handle position. The torsion load versus angle graph and its
corresponding curve-fit model are shown in Fig. 3.12. This curve-fit model
is then fed forward into the control with a negative gain to compensate the
imbalance:
load compensation = curve fit model ×−gain (3.5)
where,
curve fit model = −3.6×10−8x3 + 7.2×10−6x2 + 0.001x − 0.096 (3.6)
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Figure 3.12: Identification of torsion load at different angle and its corre-
sponding curve-fit model.
Two control modalities are implemented for interaction with subjects
which are passive and active. In the passive mode, the robot guides a sub-
ject’s arm using a proportional derivative (PD) linear feedback trajectory
control while the subject relaxes. This is used to reduce contraction of arm
muscles or for warm-up before undergoing the actual therapy session. In
active mode, the subject is encouraged to perform the movement, which is
either assisted or resisted by the robot. Active-assisted mode enables sub-
jects with weaker arm to complete movements, which also motivates them,
while resistance can be used to strengthen muscles of subjects with more
capabilities. Due to different mechanical characteristics of every DOF of
the robot (i.e. grasping, pronosupination and reaching), different control
strategies are used for each of these.
• A simple impedance control law is used for grasping, where the angu-
lar velocity (ωgrasp) is measured and a reaction torque (τgrasp) is fed
back to the user. (Mgrasp) is the model of the grasping mechanism.
Resistive or assistive torques can be provided with positive or negative
damping, (D). The block diagram of the control scheme is shown in
Fig. 3.13.
• Force control is implemented for the reaching mechanism as shown
in Fig. 3.14. Subject’s push/pull force (Farm) is measured and mul-
tiplied by a gain (K ). A gain between 0 and 1 resists the subject’s
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Figure 3.13: Impedance control used in grasping mechanism.
movements, and higher than 1 assists them. A force constant (fc)
was added to compensate for the static friction of the reaching mech-
anism, which was measured to be 25N. Without force compensation,
this value would be too high for the sub-acute patients to overcome.
(Mreach) is the reaching mechanism model and (Frobot) is the resulting
reaching force provided by the robot.
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Figure 3.14: Force control used for reaching mechanism.
• For the pronosupination movement, admittance control is used. The
block diagram of this controller is shown in Fig. 3.15.
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Figure 3.15: Admittance control used for pronosupination mechanism.
From the diagram, the following relationships can be obtained:
vrobot = (xref − xrobot)P + (x˙robot)D (3.7)
where
xref (n) = xref (n− 1) +Kτprop(n) (3.8)
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and
x˙robot(n) =
xrobot(n)− xrobot(n− 1)
4time (3.9)
The admittance controller allows the robot to either assist or resist
subject’s movements in a very simple way with a low-friction handle.
The motor command vrobot calculated from PD controller is used to
maintain the orientation of the handle at reference position (xref ).
Next, pronosupination torque (τprop) applied by the subject is mea-
sured and multiplied by a gain (K ) to compute a new reference po-
sition. By adjusting the gain value, the robot can either assist or
resist the subject’s movement. Mprop is the pronosupination mecha-
nism model and torsion load compesation (Eq. 3.6) is to compensate
the unbalanced load of the gripper mechanism. The resulting output
is the robot handle position, xrobot.
These simple control laws amplifying or reducing the subjects’ interac-
tion forces, are suitable for subjects who can generally only make mild
movements and produce very low forces.
3.2.4 Safety Features
Safety is one of the important features for robots that physically interact
with humans. To ensure safe use of ReachMAN, redundant safety measures
are implemented through the following features:
1. Mechanical limits at each joint to prevent excessive movement during
reaching, supination/pronation or hand opening/closing.
2. Sensors at both ends of the linear guide to ensure that the movement
is within the stipulated range.
3. Motor controllers are set to prevent breaching safe levels of output
force and torque.
4. Emergency buttons reachable by both the subject and the physiother-
apist to stop the whole operation at any time.
These measures are certainly not exhaustive. Further measures such as
the ’dead man’ switch may be added if required, but the measures at present
are found to be sufficient for the tasks required.
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3.2.5 Specification
As a conclusion, the active workspace for exercises are [0-0.4]m for reaching,
334o for pronosupination of forearm and [0.05-0.18]m for hand opening.
Without the platform, the robot dimension is 0.70x0.30x0.35m3 and can
extend up to 1.0x0.30x0.35m3. The weight of the robot is 8.20kg. Table 3.2
summarises the characteristics of this system.
Table 3.2: ReachMAN prototype characteristics.
push/pull pronosupination grasping
active workspace [0,0.4]m 334o [0.05-0.18]m
max force 100N 1.5Nm 2.2N
force sensing range ±580N ±20Nm -
static friction 15N 0.03Nm 1.0N
dimension without platform (LxWxH) 1.0x0.30x0.35m
weight without platform 8.2kg
The time needed to prepare subject for the robot is less than 5 minutes.
It can be used either for training left or right hand and no hardware modi-
fication is required on the mechanism for training different hands. Fig. 3.16
shows a subject is training with ReachMAN in National Hospital Neurology
and Neurosurgery, London.
Figure 3.16: Final prototype of ReachMAN used by a subject in NHNN,
London (Yeong et al., 2010).
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4 Pilot study
4.1 Introduction
The first goal of the pilot study was to determine whether the ReachMAN
robot is suitable for use by sub-acute stroke patients. The second goal was
to quantify potential benefits of therapy with ReachMAN and to determine
important parameters for the design of efficient tasks for training.
Sub-acute stroke patients typically have different problems from chronic
patients. For example, they may only be able to participate in short peri-
ods of therapy, and often have hemiplegic shoulder pain (Turner-Stokes and
Jackson, 2002). Zorowitz et al. (1996) suggests that appropriate precautions
should be taken as range of motion limitations may result in shoulder pain.
Although there is conflicting evidence for the cause of this and the ade-
quate treatment, best practice suggests that the shoulder should be moved
with appropriate rotation of the scapula and humerus in order to avoid
impingement or damage to the rotator cuff (Lindgren et al., 2007). There-
fore it was ensured that this appropriate movement was not prevented with
ReachMAN. Four exercise modules were developed to train reaching, prono-
supination, grasping and combination of reaching and pronosupination. Pa-
rameters such as range of movement, resistance, visual magnification and
assistance level were adjusted manually to suit subject ability.
This work was done in collaboration with Karen Baker, physiotherapist
at NHNN, UK.
4.2 Exercise modules
4.2.1 Description of exercises
Four exercise modules were developed, illustrated in Fig. 4.1 , namely A:
reaching, B: pronosupination, C: hand opening/closing and D: a combination
of reaching and pronosupination. The 3D virtual environment in the exercise
modules was created using Labview OpenGL on the host computer. The
red object was the target while the green object represented movement of
the ReachMAN handle.
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Figure 4.1: Four exercises where subject has to match the green object posi-
tion or orientation with the red target: (A) reaching, (B) prono-
supination, (C) hand opening/closing and (D) combination of
reaching and pronosupination.
In the reaching exercise, the subject had to push or pull the handle to
reach a target as shown on the monitor. In the pronosupination exercise,
subject started with forearm rotation from a neutral position (angle = 0o)
and rotated clockwise or counter-clockwise depending on the orientation
of the target. In the grasping exercise, the subject was required to either
open or close the hand. In the combination exercise, the subject had to
perform hand pronosupination and reaching simultaneously. One of the
important combination patterns was to start with the arm near the body
and hand pronosupination at 0o, and then moved away from the body to
either pronate or supinate. Such movements are important for functional
tasks such as feeding or combing hair.
All the exercises were performed as a similar task where the subject had
to move the handle to a target position within 10 seconds and hold at the
target for about 0.5 seconds. A new target appeared when the subject had
successfully complete a trial. If the time limit was breached, the trial was
considered failed, and the robot would help complete the movement to the
target, after which a new target would appear. The subjects performed
sets of 10 trials for each of the exercises. Each trial had two pre-defined
target positions to reflect the range of movement that the subject had to
reach. Maximum motion ranges were set as 150mm for reaching, ±50o for
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pronosupination and 50mm for hand opening. Parameters such as range of
movement, level of difficulty, assistance, holding duration and visual mag-
nification were adjustable to suit subject capabilities.
4.2.2 Levels of difficulty
These exercises could be performed with different difficulty levels from the
easiest (assistive) to the hardest (resistive). Table 4.1 shows the resistance
force and moment at four different levels.
Table 4.1: Levels of resistance force and moment.
Level Reaching (N ) Pronosupination (Nm)
1 1 0.001
2 5 0.1
3 10 0.2
4 15 0.5
Parameters such as range of movement, assistance, holding duration and
visual magnification were adjustable manually to suit subject capabilities.
4.2.3 Performance score
The percentage of successful trials was given at the end of each sets. Speed,
smoothness and accuracy were recorded but not included in the score be-
cause the main priority was for subject to regain movements. Each sets
was treated like a game where the subject had to complete all the 10 trials
within a time frame to get a good score. This was to motivate the subjects
to progress in their motor function by improving their score.
4.3 Methods
4.3.1 Subjects
The research study was approved by the joint research ethics committee
of the (UK) National Hospital for Neurology and Neurosurgery and the
Institute of Neurology in London. All subjects gave consent prior to partic-
ipation. One female and two male subjects with ages 36, 53, and 61 years
participated in the study, who had suffered a single stroke within 3 months.
Two subjects were affected by a left middle cerebral artery infarct, and the
third one by a right middle cerebral artery infarct. These subjects had no
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major shoulder complication, were able to understand instructions on how
to use the robot, and had no visual impairments. They could perform lim-
ited reaching movements. None of them was able to pronate/supinate or
open/close the hand when starting the robot therapy. All subjects were re-
ceiving conventional physiotherapy on a daily basis which followed a Bobath
approach (Bobath, 1977), focusing on normal movement principles.
4.3.2 Protocol
Subjects carried out ten 30 minutes long sessions over a period of four weeks,
with 2 or 3 sessions a week. A session could be interrupted before the 30
minutes if the subject became tired or experienced pain. Subject’s motor
function was assessed at the start and end of the study using Fugl-Meyer
assessment upper limb section, Chedoke Arm and Hand Activity Inventory
Score (Chedoke), Action Research Arm Test (ARAT) and strength for both
reaching and pronosupination. The subject sat comfortably either on a
wheelchair or on a chair and the impaired limb rested on the arm support.
The height and distance of the robot were adjusted such that the elbow was
flexed 90o, shoulder abduction to about 35o and shoulder flexion at 0o (all
tolerance at ±10o). The hand grasped the robot handle and was secured
with a Velcro band. The sequence and number of sets were adapted to
the performance of the subject, but all subjects started with the reaching
exercise followed by pronosupination, grasping, then by the combination of
pronosupination and reaching. Each set contained 10 trials, and maximally
10 sets were completed for each exercise. However, if there was no movement
at all, the particular exercise was limited to three sets. Subjects started
with small range movements in active-assisted mode, then the movement
range was gradually increased with improving performance. Parameters
such as range of movement and difficulty level were adapted according to
observations from the physiotherapist. Range of movement (ROM) and
level of difficulty were increased if subject was able to perform more than
90% trials successfully, without body movement. Strength measurement
was carried out by a physiotherapist using ReachMAN. A special program
was written to measure the strength for push/pull and pronation/supination
from a fix position. Subject was asked to perform push/pull/pronation and
supination twice, as hard as possible.
64
4.3.3 Data analysis
The number of exercises performed, the range of motion achieved, as well
as movement smoothness, strength and functional assessment, were ana-
lyzed for each of the three subjects. The number of exercises includes both
successful and unsuccessful movements, i.e. represents the total number of
attempts. Movement smoothness was evaluated from the number of peaks
in the velocity profile. Only movements with negligible involvement of the
upper body were considered for the ROM analysis. The changes of func-
tional assessments measures are also presented.
4.4 Results
Figure 4.2: Evolution of total number of trials and percentage of successful
trials in all exercises.
No pain or discomfort was reported by the subjects during or after train-
ing with the robot. The number of sets of trials to perform in a session was
not specified, e.g. the subject would continue exercising with the robot for
30 minutes or less if he or she was tired. Fig. 4.2 shows the number of total
trials and the percentage of successful trials throughout the 10 sessions. For
the three subjects, the total number of trials increased throughout the ses-
sions. Subject 1 (P1) completed 170 trials in the first session and increased
to 270 trials in the tenth session. Subject 2 (P2) and Subject 3 (P3) im-
proved from 70 and 120 trials to 310 and 140 trials, respectively. P2 and P3
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also increased their percentage of successful trials from 57.14% and 37.5%
to 80.97% and 92.86%, respectively. P1 had already relatively high success
rate at the beginning of the robot therapy, with more than 75% successful
trials in all the sessions.
Figure 4.3: Total number of trials in each exercise.
Fig. 4.3 shows the total numbers of trials on each exercise. Among the four
exercises, reaching exercise was the most trained by all the subjects followed
by pronosupination, grasping and combination exercise. Fig. 4.4 shows how
the ROM changed throughout the sessions. All subjects increased the ROM
in reaching. P1, who had relatively good arm control prior to robot reha-
bilitation, could increase the range of his reaching movements from 100mm
in the first session to 150mm at the end of the study. P2 and P3 increased
their range of movement of 30mm and 10mm, respectively. None of the sub-
jects was able to perform hand pronosupination, opening or closing prior to
the robot training. However, P1 started to regain pronosupination move-
ment during the fourth session, and gradually improved until the end of the
study, where P1 could pronosupinate to a range of 60o. Pronation activity
in P3 was also detected but it was still very weak at 20o maximum. Only
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P1 gained the capability to close the hand. All subjects were still unable to
open their hands at the end of the 4 weeks.
Figure 4.4: Evolution of range of motion during the therapy.
Figure 4.5: Mean numbers of peaks in speed profile for the 3 subjects for
reaching movement.
Fewer peaks in speed represent fewer periods of acceleration and deceler-
ation, making a smoother or less saccadic movement (Rohrer et al., 2002).
Fig. 4.5 shows the mean number of peaks in speed profile for the three
subjects. Two subjects, P2 and P3, showed an improvement in movement
smoothness towards the end of the session. No improvement was observed
in P1 could be due to the fact that this subject had already relatively good
67
motion pattern at the beginning of the therapy. Fig. 4.6 presents the posi-
tion and velocity waveforms of P2 reaching movement at sessions 1, 5 and
10. One can observe changes in the motion patterns, with little movement
in the first session, trials with large variability and back and forth in the
fifth session, and faster more direct movements in the last session.
Figure 4.6: Position and velocity waveforms for reaching movements of sub-
ject P2 session 1, 5 and 10.
Table 4.2 summarizes the subjects’ strength in the first and last ses-
sions. The subjects improved their strength in all movements except P2,
for whom the pulling force decreased slightly from 12N to 10N and he had
no strength in pronation/supination. The evolution of functional assess-
ments (Table 4.3) shows that P1 improved from 28 to 43 in Fugl-Meyer
score, 12 to 22 in Chedoke and 3 to 12 in ARAT. P2 and P3 had no changes
or very minor improvement, although there were improvements in the motor
activity as detected by the robotic system. The score for these two subjects
were very low, which suggests that their motor capabilities were below the
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effective range of these tests.
Table 4.2: Results of strength in reaching and pronosupination.
Type of P1 P2 P3
movement 1st 10th 1st 10th 1st 10th
Pushing(N ) 8 25 5 9 12 25
Pulling(N ) 20 30 12 10 10 28
Pronation(Nm) 0 0.83 0 0 0 0.13
Supination(Nm) 0 0.51 0 0 0 0.23
Table 4.3: Functional assessment scores in pilot study.
Assessment P1 P2 P3
Fugl-Meyer Admission 28 4 4
upper limb(66) Discharge 43 4 6
Chedoke(84) Admission 12 12 12
Discharge 22 12 12
Arat(57) Admission 3 0 0
Discharge 12 0 0
4.5 Discussion
The objective of this pilot study was to evaluate the use of ReachMAN
to assist stroke subjects recover motor function at the sub-acute phase for
reaching, pronosupination and grasping. Subjects feedbacks indicated that
they felt comfortable, were motivated and had no pain or shoulder discom-
fort during or after the robot therapy.
The results also show an increase in subjects’ upper limb motor activ-
ity, range of movements, smoothness and strength. P1, who started with
a relatively good motor function, did not improve motion smoothness, but
increased both movement amplitude and in the functional assessments. P2
and P3, who had larger impairments, and were practically below the func-
tional assessments range, nevertheless increased both the number of move-
ments performed and the proportion of successful trials. However, it is un-
clear how interference with spontaneous recovery affect the results, which
should be analyzed in a systematic study involving a control group.
This pilot study suggests that the robot may allow subjects to extend time
for training the upper limb. For example, P3, who had severe impairment
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in both right upper limb and lower limb, could train up to 140 movements
in 30 minutes, which is more arm movements that could have potentially
been possible in a therapy treatment session. P1 and P2 managed to train
up to 270 and 310 movements respectively in their last session.
The rehabilitation strategy plays a very important role in recovery. At the
initial stage, the subjects generally could only make slight arm movement;
sometimes the movement was not visible although they had produced some
force. The robot’s active-assisted strategy allowed them to move a much
larger distance and visual magnification gave them a sense of larger move-
ments than their actual distance. This might motivate subjects to continue
exercising and may have contributed to the observed increased of movement
range.
An interesting phenomenon during training with ReachMAN, subjects
were using the complete functionality of the device, sometimes unconsciously,
while focusing on other tasks. For example, while none of the subjects were
able to perform hand pronosupination prior to the robot therapy, two sub-
jects unconsciously pronosupinated their hand during the reaching move-
ment in some sessions. This was possible due to the design of the robot
allowing rotation of the forearm while extending the arm and might have
enabled subjects to perform more natural movements. At the end of the
study, P1 could do full pronosupination while P3 was starting to perform
pronosupination. This shows the benefit of ReachMAN design with free
pronosupination movement during reaching movement, enabling naturally
coordinated movements.
It was also observed that subjects tended to close their hand when they
were actually trying open their hand. One of the exercises required the
subjects to open their hands within certain time frame failing which the
robot will passively guide the hand to open position. Instead of following the
opening trajectory, the subject’s hand was resisting the opening movement.
Similar to the pronosupination, the subjects could not actually close their
hand when specifically asked to in the initial stage, but two subjects slowly
gained the closing capability during the sessions.
This pilot study enabled us to identify the important parameters for a
larger study with sub-acute stroke subjects. Automatic adaption of motion
parameters will ensure more systematic rehabilitation than current study,
where the adaption was based on observations from a physiotherapist. Ex-
ercises will start from baseline subject specific ROM values. Parameters for
the assistance-resistance and ROM will adapt automatically according to a
subject’s score based on movement completion in a set of trials.
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5 Clinical study
5.1 Introduction
The clinical study described in this chapter is still ongoing with planned 20
subjects to investigate the effect of rehabilitation using ReachMAN. Half of
the subjects receive conventional therapy for 5 days per week up to 6 weeks,
and the other half have an extra 30 minutes rehabilitation with ReachMAN
in addition to the conventional therapy. This chapter presents the results
of 6 subjects who have completed their rehabilitation at time of writing.
The exercise modules used in this study were enhanced from the modules
used in the pilot study. The protocol of the study was performed in a more
systematic way, where level of difficulty was automatically adapted based on
subject’s performance score during training, compared to manual adaption
in the pilot study.
This work was done in collaboration with Karen Baker, physiotherapist
at NHNN, UK.
5.2 Exercise modules
5.2.1 Description of exercises
The exercise modules used in the clinical study were enhanced versions of the
exercises used in the pilot study. In the pilot study, some of the parameters
were changed manually to adapt to subject performance. In the clinical
study, to make the training more systematic, each exercise module had 8
difficulty levels and was adapted automatically. Each level had a set of fixed
settings for range of movement (ROM), visual magnification, assistance level
and reference time. The reference time was the time needed for a healthy
subject to reach the target. A score was provided at the end of the task to
reflect the performance of the subject. Fig. 5.1 shows the score indicator in
the visual display.
The same four exercise modules used in the pilot study were selected and
modified. These were: reaching, pronosupination, hand opening/closing
and concurrent reaching and pronosupination. In the reaching exercise,
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Figure 5.1: Score indicator in the visual display
the subject had to push or pull the handle to reach the target as shown
on the monitor. In the pronosupination exercise, the subject started with
forearm rotation at neutral position (angle = 0o) and rotated clockwise or
counter-clockwise depending on the orientation of the target. In the grasp-
ing exercise, the subject was required to either open or close the hand. In
the combination exercise, the subject had to perform hand pronosupination
and reaching simultaneously.
All the exercises were performed as in the pilot study where the subjects
had to move the handle to a target position within 5 seconds (10 seconds for
pronosupination and combination exercises), and had to stay at the target
for 0.5 seconds to complete the trial. The grasping exercise did not require
subjects to stay at the target for a trial to be considered complete. This was
following an observation from pilot study where this task appeared difficult
for most of the subjects. A new target appeared when the subject had
successfully completed a trial. If the time limit was breached, the trial was
considered failed, and the robot would help complete the movement to the
target, after which a new target would appear.
The subjects performed several sets of 10 trials for each of the exercises,
starting from an easy level of difficulty and eventually progressing to more
difficult levels according to their performance. They could proceed to the
next level when they scored more than 90% overall and successfully hit all
the targets in the sets for the last three consecutive sets.
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5.2.2 Levels of difficulty
The visual magnification was reduced with level increment following the
equation:
visual magnification =
range at level 7
range at current level
(5.1)
The movement would always appear to cover the same range on the mon-
itor, such that subjects who had initially a small range still had the satis-
faction to complete a movement, which presumably would motivate them
to perform. For example, in the reaching task, the distance required at level
7 is 150mm. If the subject is currently performing at level 2, which requires
the subject to move a distance of 20mm, then the movement at level 2 will
be displayed with a visual magnification of 7.5x. The time needed for a typ-
ical healthy subject to reach the target was used as reference time. Table
5.1 shows parameter settings for every level of the four exercises.
At levels 1-7, participants were only required to put in relatively little
effort to move. For example, only 2N was required to trigger the reaching
movement, 0.05Nm for the pronosupination and about 1N for grasping.
However, level 8 required higher forces to trigger a movement, about 5N for
reaching movement and 0.15Nm for pronosupination. All these values were
identified following observations from pilot study.
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Table 5.1: Levels of difficulty for all exercises in clinical study
Reaching
Level Reaching Visual Reference
ROM (mm) magnification time (s)
1 10 15.00 0.50
2 20 7.50 0.70
3 30 5.00 1.00
4 40 3.75 1.20
5 50 3.00 1.50
6 100 1.50 2.00
7 150 1.00 2.50
8 150 1.00 2.50
Pronosupination
Level Pronosupination Visual Reference
ROM (o) magnification time (s)
1 20 5.00 0.50
2 30 3.33 0.50
3 40 2.50 0.80
4 50 2.00 1.00
5 60 1.67 1.50
6 80 1.25 1.50
7 100 1.00 2.50
8 100 1.00 2.50
Grasping
Level Grasping Visual Reference
ROM (mm) magnification time (s)
1 20 4.50 0.50
2 30 3.00 0.50
3 40 2.25 0.50
4 50 1.80 0.55
5 60 1.50 0.60
6 70 1.29 0.60
7 80 1.13 0.70
8 90 1.00 0.70
Combination
Reaching Pronosupination Reference
Level ROM Visual ROM Visual time (s)
(mm) magnification (o) magnification
1 10 15.00 20 5.00 0.50
2 20 7.50 30 3.33 0.70
3 30 5.00 40 2.50 1.00
4 40 3.75 50 2.00 1.20
5 50 3.00 60 1.67 1.50
6 100 1.50 80 1.25 2.00
7 150 1.00 100 1.00 2.50
8 150 1.00 100 1.00 2.50
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5.2.3 Performance score
The performance score presented to the subjects was an indication of the
subjects motor capacity. The formula was formed from the distance trav-
eled score, speed score and stability score as these three parameters are
interrelated (Fitts, 1992) . The formula used to generate the overall score
in this experiment was as follow:
total score = 0.7×(distance travelled score)+0.2×(stabilization score)+0.1×(speed score)
(5.2)
Weight for each element was assigned based on the need for recovery as
observed during pilot study. As mentioned in previous chapter, sub-acute
subjects could hardly move at first, therefore higher weight was assigned to
distance to highlight the improvement in this aspect. Lower weights were
assigned to stabilization time and speed as they contribute to fine motor
control which was less important at this stage. Fig. 5.2 illustrates a typical
movement.
The distance traveled score was calculated as the percentage of distance
traveled to total task distance,
distance travelled score =
(
distance travelled
task distance
)
× 100% (5.3)
Reaching time (which was similar to the rise time used in control theory)
was used to measure the speed score as follows:
speed score =
time allowance−max(reaching time− reference time, 0)
time allowance
× 100%
(5.4)
where
time allowance = time limit− 0.5s
where
time limit = 5s for reaching and grasping exercises
= 10s for pronosupination and combination exercises
The stabilization score was computed as
stabilization score =
time allowance− (stabilization time− 0.5)
time allowance
× 100% (5.5)
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Figure 5.2: Movement trajectory of a subject performing reaching exercise
at level 7. The target was 150mm. Reaching time was 1.20s and
stabilization time was 2.25s.
where the stabilization time was the difference between the reaching time
and the time after which the hand remained in the tolerance area for 0.5s
(Fig. 5.2) and is similar to the settling time of control theory. The selected
tolerance was ±3mm for reaching and ±2o for pronosupination. A subject
would get 100% for the stability if he/she managed to reach the target and
was immediately stable for 0.5 seconds, and less if he/she needed more time
to stabilize the hand at target.
5.3 Methods
5.3.1 Subjects
The research study was approved by the joint research ethics committee
of the (UK) National Hospital for Neurology and Neurosurgery and the
Institute of Neurology in London. It is a non blinded study, with assessments
all carried out by a same physiotherapist on all subjects. The inclusion
criteria set for subjects’ recruitment were that they had a first stroke less
than 8 weeks prior to the therapy start, were able to consent to treatment,
to understand basic instructions to perform it, to sit in a supportive chair for
at least 30 minutes and had upper limb impairment. While different severity
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of affections were accepted, however the subjects must demonstrate some
degree of arm movement i.e. ability to shoulder shrug.
Assessed for eligibility  (n=9 )
Allocated to Robot group (n=3)
• 45-min daily physiotherapy and 30-min daily 
robot therapy for 6 weeks (n=3)
o Missed 2 robot sessions (n=2, because 
discharged early) 
o Missed 7 robot sessions (n=1, because of 
personal problems and discharged early)
Allocated to Control group (n=3)
• 45-min daily physiotherapy for 6 weeks 
(n=3)
Analyzed (n=3) Analyzed (n=3)
Functional assessment (n=3)
Randomized (n=6 )
Excluded (n=3)
• Unable to consent (n=1)
• Unable to follow instruction (n=1)
• Exceed 8 weeks post stroke (n=1)
Functional assessment and 
robot assessment (n=3) Functional assessment (n=3)
Functional assessment and 
robot assessment (n=3)
Figure 5.3: Flow diagram depicting passage of participants through the clin-
ical trial
A total of 20 subjects are to be recruited for this study, but at the time
of writing, only 6 have completed their rehabilitation for clinical study.
Initially, 9 subjects were assessed for eligibility but only 6 were suitable for
participation in the clinical study. The three subjects were not recruited due
to inability to give consent, unable to follow instructions and one subject
had exceeded 8 weeks post stroke. The recruited 6 subjects, who were
aged between 37 to 77 years old, had no visual impairment and were able
to understand instructions on how to use the robot. Each of them gave
consent prior to starting the robot therapy. Fig. 5.3 shows the passage of
participants through the the clinical trial.
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5.3.2 Protocol
Subjects were randomly assigned (using number string and sealed envelop)
to either robot or control group with three subjects in each group. All sub-
jects received conventional physiotherapy on a daily basis which followed the
Bobath approach (Bobath, 1977), focusing on normal movement principles.
Subjects assigned to the robot group carried out an extra 30 minutes ses-
sion every weekday for a period of six weeks. Each subject’s motor function
was assessed at the start and end of the study using Fugl-Meyer assessment
upper limb, Chedoke Arm and Hand Activity Inventory Score (Chedoke)
and Action Research Arm Test (ARAT).
In the robot group, subjects would have a maximum of 30 (5 weekdays ×6
weeks) half-hour robotic therapy sessions, but less if they were discharged
earlier than 6 weeks. During the robot rehabilitation session, the subject
sat comfortably on a wheelchair or on a standard chair while the impaired
hand was rested on the arm support. The height and distance of the robot
were adjusted such that the elbow was flexed at 90o, shoulder abduction at
about 35o and shoulder flexion at 0o (all with ×10o tolerance). The hand
grasped the robot handle and was secured with Velcro band.
The sequence and number of sets were adapted to the performance of
the subject, but all subjects started with the reaching exercise followed by
pronosupination, grasping, then the combination of pronosupination and
reaching. Each sets contained 10 trials, and maximally 10 sets were com-
pleted for each exercise. However, if there was no movement at all, the
particular exercise was limited to three sets.
The first session was for the subjects to familiarize with the robot. Sub-
jects could try the exercise modules freely without having their performance
assessed. During the second and last sessions, subjects were assessed with
the robot on all four exercise modules, using difficulty level 7. From the
third session onwards, each subject progressed from lowest level of difficulty
on each of the exercises. Subjects could progress of maximally one level up
on each day, if their score was over 90% with 10 hits thrice in a row. Fig. 5.4
explains the flow of the sessions in robot rehabilitation.
5.3.3 Data analysis
Functional assessment measurements using Fugl-Meyer upper limb, Chedoke
and ARAT were presented for each subject from both groups because the
sample size was small and data were expected to be not homogeneous.
The performance score, range of movement, number of hits, reaching
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Session 2 Robot assessment
Session 3 Robot therapy
Session 4 Robot therapy
… …
… …
Session n-2 Robot therapy
Session n-1 Robot therapy
Session n Robot assessment
Session 1 Familiarization with robot
Figure 5.4: Flow of the session in robot rehabilitation
time, stabilization time, movement smoothness and strength were analyzed
for each subject in robot group and compared with two young healthy sub-
jects. Movement smoothness was evaluated from the number of peaks in
the velocity profile.
The evolution of levels, range of movements, total trials and successful
trials in robot group were analyzed to understand the recovery trend during
the study.
5.4 Results
All 6 sub-acute subjects completed the study. 3 subjects in robot group
carried out less than the targeted 30 sessions as they were discharged early.
Subject 1 (P1) and Subject 2 (P2) carried out a total of 28 sessions while
Subject 3 (P3) had 23 sessions with the robot. In the control group, Subject
4, 5 and 6 (P4, P5 and P6) carried out the conventional rehabilitation and
did not attend any training session with robot. No subject reported pain
or shoulder discomfort before or after (robot) therapy.
5.4.1 Functional assessment
Table. 5.2 shows the functional assessment scores for both robot and control
groups. All subjects improved in Fugl-Meyer except P6 in control group.
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In robot group, P1 improved from 20 to 60, P2 improved from 2 to 9 and
P3 improved from 1 to 3. In control group, P4 and P5 started with good
Fugl-Meyer scores prior to training and improved slightly after training. P4
showed improvement from 54 to 59 while P5 improved from 40 to 45. In
ARAT assessment, only P1, P4 and P5 improved from 0 to 10, 19 to 35
and 0 to 2 respectively. Similarly, only P1, P4 and P5 improved in Chedoke
scores, from 13 to 62, 13 to 78 and 13 to 39 respectively.
Fig. 5.5 shows mean of both robot and control group for the three func-
tional assessment. The mean of robot group shows more improvement in
Fugl-Meyer compared to the mean of control group. This could be because
two subjects in control group already had good score in Fugl-Meyer ini-
tially, and there was little improvement from those high scores. There were
no obvious differences between control and robot group in Chedoke and
ARAT.
Table 5.2: Functional assessment scores in clinical study
Assessment
Robot Group Control Group
P1 P2 P3 P4 P5 P6
Fugl-Meyer Admission 20 2 1 54 40 1
upper limb(66) Discharge 60 9 3 59 45 1
Chedoke(84) Admission 13 13 13 38 13 13
Discharge 62 13 13 78 39 13
ARAT(57) Admission 0 0 0 19 0 0
Discharge 10 0 0 35 2 0
5.4.2 Robot group performance evolution
Fig. 5.6 shows the evolution of levels achieved by subjects in the robot group
from 3rd to last session-1 ((n-1)th session) of training. Subjects started
from low level and progressed to the next level when they scored more than
90% and successfully hit all the targets in the sets. In reaching exercise,
P1 had good reaching movement at the beginning and was able to maintain
at level 7 throughout the session. P2 did not show much improvement in
level, fluctuating between level 1 and 2. Meanwhile, P3 improved gradually
from level 1 to 6 at the end of the session. In pronosupination exercise,
P1 started at level 4 and progressed to level 7 at 10th session and trained
at that level until the end of her session. P2 only managed to improve
to level 2 at 11th session. P3 did not show progress in levels of difficulty
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Figure 5.5: Functional assessment scores for both robot and control groups.
for pronation and trained at level 1 throughout the robot rehabilitation.
Only P1 showed progress in difficulty levels for grasping and combination
exercises. For grasping, P1 managed to achieve level 2 at 11th session, and
progressed well with one level increment per session till level 4. Level 4
lasted 2 sessions and P1 continue to improve to level 5 at session 21. P1
stayed at level 5 for grasping till the end of training. In combination exercise,
P1 showed steady progress from level 2 to 6 during her rehabilitation. No
progress in levels was observed for P2 and P3 who trained at level 1 for
grasping and combination exercise throughout their robot rehabilitation.
Fig. 5.7 shows the evolution of ROM (calculated as mean of distance trav-
eled in a session) from 3rd to (n-1)th session for subjects in robot group
performing all the tasks except combination exercise. In reaching exercise,
P1 started with good reaching movement where she was capable of reach-
ing beyond 120mm and maintained this throughout the rehabilitation. P2
improved slightly from 10.98mm to about 43.51mm. P3 improved from a
low 6mm to an impressive 66.42mm. In pronosupination exercise, P1 im-
proved significantly from 43.61o to about 96.67o at the end of the session.
There was a reduction in ROM at 14th session where she could only per-
form an average 70.64o compared to 94.36o in the previous session. This
was due to painful and stiff shoulder resulting from an earlier intensive
physiotherapist session. At her insistence, the robot session was still con-
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Figure 5.7: Evolution of range of movement in reaching, pronosupination
and grasping.
ducted but with extra care so as not to aggravate the pain. P2 improved
slightly in pronosupination ROM from 16.88o to 29.52o. P3’s improvement
in pronosupination was less obvious, only improved from 15.66o to 19.24o.
In grasping exercise, the ROM could be influenced by gravity and subjects’
hand spasticity, therefore only movements above 40mm were considered as
intentional motor activity. Subjects who could open and close the hand
fully would have their ROM recorded as 80mm in the grasping exercise. P1
improved her grasping ROM from 19.27mm to 61.15mm. P2 and P3 did
not show improvements in grasping exercise.
Fig. 5.8 shows the total trials (top) and successful trials (bottom) in all
exercises. Overall, subjects improved their number of trials. P1 increased
from 200 at 3rd session to 300 trials at (n-1)th session. P2 increased from
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Figure 5.8: Total trials in all exercises (top) and percentage of successful
trials in all exercises (bottom).
130 to 170 trials and P3 increased from 30 to 170 trials. All subjects also
showed improvement in successful completion of the trials. P1 improved
from 69.5% to 80.67%, P2 improved from 63.08% to 87.65% and P3 im-
proved from 30% to 52.35% in success rate.
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5.4.3 Robot group assessment
Figure 5.9: Performance score of subjects in robot group (before and after
training) on the 4 exercises compared to healthy subjects.
This section presents the results of subject’s performance assessed in robot
group at session 2 (before training) and last session (after training) on all
exercises set at difficulty level 7 (Fig. 5.9). All subjects improved their score
after training. P1 started with rather high score before training compared
to the other two subjects who had very low scores initially. P1 improved the
score from 89% to 99.5% for reaching, 72.9% to 96.6% for pronosupination,
49.1% to 90.42% for grasping and 69.4% to 89.67% for the combination
exercise. P2 and P3 were weaker than P1 as shown by their lower score. P2
improved from 12.4% to 49% for reaching, 32% to 54.8% for pronosupination
and 37.3% to 40.2% for grasping exercise. P3 improved from 27.5% to 49.8%
for reaching, 29.8% to 32.5% for pronosupination and 24.71% to 40.8% for
grasping exercise. Both P1 and P2 could not perform the combination
exercises at all throughout their training. Heathy subjects had no problem
performing all the exercises. The mean scores of two healthy subjects for the
same set of exercises were 99.3% for reaching, 99.8% for pronosupination,
98.70% for grasping and 99.7% for combination exercise.
Fig. 5.10 shows the subjects’ range of movement before and after the
training. All subjects increased their range of movement after training.
P1 has good movement range for reaching and pronosupination at onset of
training yet still improved from 97% to 99.9% for reaching and 88.6% to
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Figure 5.10: Percentage of range of movement of subjects in robot group
(before and after training) on the 3 exercises compared to
healthy subjects. The maximum ROM for reaching was
150mm, pronosupination was 100o and grasping was 80mm.
Range of movement analysis was not applicable for combina-
tion exercise.
98.6% for pronosupination. As for grasping, P1 only had movement range
of 49.1% but improved to an impressive 100%. P2 improved from 19.1%
to 52.5% for reaching, 39.6% to 69.7% for pronosupination and 16.4% to
42.5% for grasping. P3 improved from 37.2% to 65.8% for reaching, 42.9%
to 46.8% for pronosupination and 37.8% to 47.1% for grasping. The mean
range of movements from two healthy subjects were 99.9%, 99.9% and 100%
for reaching, pronosupination and grasping.
Fig. 5.11 shows the number of successful hits obtained before and after
training. P1 and P2 shows improvement after training where P1 improved
from 8 to 10 hits for reaching, 3 to 10 hits for pronosupination, 5 to 9 hits
for grasping and 2 to 9 hits for combination exercise. P2 improved from
0 to 4 hits for reaching, 1 to 3 hits for pronosupination and 2 to 4 hits
for grasping. P2 could not get any hits in combination exercise before and
after training. P3 was unable to record any hits in all the exercises on both
before and after training except in grasping, where the subject managed to
get 3 hits for grasping after training. Meanwhile, the mean number of hits
from two healthy subjects were 10 out of 10 for all the exercises.
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Figure 5.11: Number of successful hits of subjects in robot group (before and
after training) on the 4 exercises compared to healthy subjects.
Figure 5.12: Reaching time of subjects in robot group (before and after
training) on the 4 exercises compared to healthy subjects. The
duration to reach the target, time allowance, for reaching and
grasping were 4.5s and for pronosupination and combination
were 9.5s as indicated by the dotted line. If subjects did not
manage to complete the task, the reaching time recorded would
be the time allowance.
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Fig. 5.12 shows the time needed to reach the target, reaching time. P1
improved reaching time from 3.42s to 3.09s for reaching exercise and from
3.22s to 2.9s for combination exercise. She improved massively in reaching
time for pronosupination, a reduction from 8.5s to 4.2s. P2 improved the
reaching time for all exercises except in the combination. P2 improved from
4.5s to 3.27s for reaching, 9.5s to 7.95s for pronosupination and 4.5s to
3.73s for grasping exercise. P3 did not manage to improve the reaching
time in any of the exercises, as the movement was in fact not completed.
Mean reaching time of two healthy subjects were 2.04s for reaching, 1.85s
for pronosupination, 0.95s for grasping and 2.22s for combination exercise.
Figure 5.13: Stabilization time of subjects in the robot group (before and
after training) on the 3 exercises compared to healthy subjects.
The stabilization time allowance for reaching was 4.5s and for
pronosupination and combination were 9.5s. If subjects did not
manage to complete the task, the stabilization time recorded
would be the time allowance. Stabilization time was not appli-
cable for grasping exercise.
Fig. 5.13 shows the stabilization time used for each subjects to complete
the task. Healthy subjects generally stabilize very quickly, in about 0.2s for
reaching, 0.058s for pronosupination and 0.005s for combination. Stabiliza-
tion time was not set for grasping exercise because stabilizing their grasps
proved difficult for subjects in pilot study. P1 improved stabilization time
drastically from 1.85s to 0.21s for reaching, from 6.78s to 0.1s for prono-
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supination and from 9.5s to 0.1s for combination. P2 improved slightly for
reaching movement from 4.5s to 3.27s and for pronosupination from 9.5s
to 7.12s. P2 did not improve stabilization time in the combination exercise.
P3 did not complete all the movements, thus the stabilization time was not
defined.
Fig. 5.14 shows the number of velocity peaks for P1 and healthy subjects
for reaching, pronosupination and grasping. The number of velocity peaks
represents the smoothness of the movement. The lesser the number of peaks,
the smoother the movement was. P2 and P3 did not complete enough
number of movements for calculating the number of velocity peaks to be
compared with P1 and healthy subjects. The mean of two healthy subjects
had about 2.37 peaks for reaching, 2.79 peaks for pronosupination and 1.9
peaks for grasping. As for P1, the number of peaks was reduced from 4
to 2.79 peaks for reaching, 5.37 to 4 peaks for pronosupination and 6.47 to
4.82 peaks for grasping, illustrating an improvement in motion smoothness.
Figure 5.14: Number of velocity peaks of P1 in robot group (before and af-
ter training) on the 3 exercises compared to healthy subjects.
Smoothness analysis was not applicable for combination ex-
ercise. P2 and P3 did not have this data due to the lack of
successful movements to make a good representation of motion
smoothness.
Fig. 5.15 presents position and velocity profile of a reaching task for a
healthy subject and two subjects (P1 and P2) before and after robot therapy.
The healthy subject had smooth trajectory and a bell shaped velocity profile
during reaching movement. As for P1, she had rather good motor control
prior to training and her motion profile after training was similar to that of
a healthy subject. Her reaching trajectory at the beginning, though good,
was slightly jerky but improved at the end of the training. P2 had poor
motor control initially. He could hardly reach targets before robot therapy,
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but with training, he improved and managed to reach some targets during
his trials. His motion smoothness improved as well.
Fig. 5.16 shows the position and velocity profile of a healthy subject and
two subjects for the pronosupination exercise before and after robot ther-
apy. Similar to the reaching movement, healthy subject had a smooth tra-
jectory and a bell shaped velocity profile while performing pronosupination.
In contrast, P1 before robot therapy did not have a very smooth motion
as indicated by the jerky velocity profile. The motion improved and was
smoother at end of robot therapy but time to reach the target was still
longer compared to the healthy subject. P2 could not reach the target be-
fore robot training but improved by a large margin reaching some of the
targets at the end of the training. He increased his velocity although the
motion was still jerky.
Table. 5.3 presents subjects’ strength measurement before and after train-
ing. P1 already had high strength before robot training and did not improve
the strength after the robot session. Before training, P1 could generate
forces up to 44.1N for pushing, 50.01N for pulling, 0.71Nm for pronation
and 0.54Nm for supination. The forces decreased slightly to 43.85N for
pushing, 39.50N for pulling, 0.65Nm for pronation and 0.62Nm for supina-
tion after training. P2’s strength before and after training remains low.
Forces were slightly higher after training for pushing, pronation and supina-
tion but pulling force decreased slightly. P3 showed massive improvement
in strength for push and pull after training from 7 to 14.74N in pushing and
1.67 to 27.71N in pulling. Pronation and supination torque also increased
after training.
Table 5.3: Results of strength in reaching and pronosupination.
Type of P1 P2 P3
movement pre post pre post pre post
Pushing(N ) 44.10 43.85 6.63 6.75 7.00 14.74
Pulling(N ) 50.01 39.50 4.00 3.13 1.67 27.71
Pronation(Nm) 0.71 0.65 0.17 0.39 0.30 0.43
Supination(Nm) 0.54 0.62 0.23 0.42 0.47 0.72
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Figure 5.15: Reaching position and velocity profile of a healthy subject and
two stroke subjects before and after training.
91
0 1 2 3 4 5 6 7 8 9 10
-60
-40
-20
0
20
40
60
0 1 2 3 4 5 6 7 8 9 10
-50
0
50
100
150
200
0 1 2 3 4 5 6 7 8 9 10
-60
-40
-20
0
20
40
60
0 1 2 3 4 5 6 7 8 9 10
-60
-40
-20
0
20
40
60
0 1 2 3 4 5 6 7 8 9 10
-50
0
50
100
150
200
0 1 2 3 4 5 6 7 8 9 10
-60
-40
-20
0
20
40
60
0 1 2 3 4 5 6 7 8 9 10
-50
0
50
100
150
200
0 1 2 3 4 5 6 7 8 9 10
-50
0
50
100
150
200
0 1 2 3 4 5 6 7 8 9 10
-50
0
50
100
150
200
0 1 2 3 4 5 6 7 8 9 10
-60
-40
-20
0
20
40
60
H
ea
lth
y 
su
bj
ec
t
P 
1
P 
2
time(s)
pr
e-
tra
in
in
g
po
st
-tr
ai
ni
ng
pr
e-
tra
in
in
g
po
st
-tr
ai
ni
ng
velocity (mm/s)position (mm)
Figure 5.16: Pronosupination position and velocity profile of a healthy sub-
ject and two stroke subjects before and after training.
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5.5 Discussion
The objective of this clinical study was to investigate the effect of rehabil-
itation using ReachMAN. Six subjects have been assigned to either robot
or control group for rehabilitation and completed their 6-week training pro-
gram.
Similar to the pilot study, subjects in the robot group felt comfortable,
were motivated and reported no pain or shoulder discomfort during or af-
ter the robot therapy. All subjects felt the robot helped in their recovery
because it gave them motivation in training. One of the reasons was they
could see their own hand movements which they were unable to detect dur-
ing their daily activities or conventional therapy. During physiotherapy
session, a physiotherapist will normally hold a subject’s hand and guide the
subject, either assisting and resisting the movement. Sometimes, subjects
were unsure if the movements made were theirs or the physiotherapist’s.
With robot therapy, the active-assisted strategy allow subjects to use little
effort to move on their own and visual feedback magnified this movement,
allowing them to see the small movement on the screen. This immediate
feedback of their own movement gave subject’s a sense of accomplishment
probably motivating them to continue participating in the robot therapy.
Some of the subjects also commented that the robot sessions help them to
exercise their upper limb which were not being prioritized for their physio-
therapy session.
Robot assessments were conducted using ReachMAN on the 2nd session
(before training) and last session (after training) using the four exercises at
level 7. Results showed that all subjects in the robot group improved in most
of the categories, which were the performance score, range of movement,
number of hits, reaching time, stabilization time, smoothness and strength.
Functional assessments using Fugl-Meyer upper limb, Chedoke and ARAT
showed improvements on some subjects in both groups.
The robot group showed more improvement compared to control group
in mean Fugl-Meyer score, however, the data sample was too small to make
any significant conclusions. The control group showed more improvement
in Chedoke and ARAT scores but the score difference was small. Using
robot as assessment tool gives quantitative and objective measurements. A
robot assessment could detect subjects’ small motor activity which may not
be detected in full tasks required by functional assessment. Furthermore,
functional assessment relies on visual observation.
The rehabilitation strategy used in ReachMAN could play an important
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role in contributing towards improvement. As mentioned in the pilot study,
the use of active-assisted strategy allowed subjects to move a much larger
distance and the visual magnification gave subject a sense of larger move-
ments than their actual distance. In this clinical study, the enhanced exer-
cise modules incorporated different levels of difficulty and only allowed one
level increment per session when subject scored more than 90% and success-
fully achieved all hits for three consecutive sets. This probably motivated
subjects because it consistently challenged them to perform and allowed
them to set a realistic but not very demanding goal, that was to progress
to the next level.
For effective training, the movements that will be trained must be care-
fully selected. Hogan et al. (2006) suggested that movement coordination
may be the most appropriate focus for robotic therapy. Once movement
coordinations that provide highest potential in effective rehabilitation have
been identified, it will be possible to build a robot more suited to train sub-
jects. Reaching is one of the most important movements to train. At the
moment, ReachMAN can only train reaching in one direction while other
robots such as the ARM Guide can train reaching at different angles, which
may also be required by stroke subjects. If ReachMAN were to provide
training at different angles, cost and complexity may increase. Subjects
who are in the hospital may not require this functionality for their first 6
weeks of rehabilitation. In fact, most of the subjects have shoulder problems
and have to be prevented from exercises that may aggravate shoulder pain,
such as moving the hand up, down, left or right. For this group of subjects,
ReachMAN would be suitable, but undeniably, as subjects recover more arm
functions, they would need more sophisticated training. ReachMAN also
trains pronosupination and a combination of reaching with pronosupina-
tion, which are movements important in many ADL, for example drinking
and eating.
The grasping exercise is one of the highlights of ReachMAN. All sub-
jects who trained with the robot surprisingly chose the grasping module
as their favorite compared to reaching, pronosupination and combination,
even though some of the subjects could not perform the grasping movement.
The positive response suggested that it might be important to include a fix-
ture for grasping in the design of upper limb rehabilitation robot and to
provide training for grasping as part of robot therapy. The grasping mecha-
nism should consider functional position of the hand to ensure comfort and
to allow longer duration of training. Initially, a design that allows finger
movement was thought to be important, but most subjects who trained with
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the robot during the trials could not open or close their hands, a movement
much simpler than flexing their individual fingers. Therefore, the current
grasping mechanism would be suggested for subjects.
A rehabilitation robot has to be user-friendly and should not require
lengthy preparation of the subject. Both subjects and physiotherapist gave
positive feedback regarding the ReachMAN handle because the slide-and-
strap concept saved time for training, as subjects did not have to spend a
lot of time to fit their hands into the fixture. No change of mechanism is
required for different hand-sizes and to train left or right-hand. A reha-
bilitation robot should also provide wheel-chair access to different sizes of
wheel-chair. 4 out of 6 subjects who participated in the pilot and clinical
studies used wheel chairs, and it was convenient when the subjects could
position their wheel-chair right in front of the robot to use it.
The present results of this on-going clinical study suggest that simple 3
DOF robot like ReachMAN could help to train stroke subjects to recover
motor functions. Subjects can benefit from the additional training hours,
increased motivation and independent training.
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6 Conclusions
This chapter summarizes the main contributions of the work presented in
this thesis, which was dedicated to developing a simple robotic system to
assist rehabilitation for upper limb that could easily be integrated in ex-
isting hospital environments, decentralized centers or even used at home.
Recommendations for extensions of this work and possible directions are
also highlighted.
6.1 Contributions
The main contributions of this project include:
1. A kinematic analysis of functional movements prior to robot develop-
ment.
2. The design and construction of the ReachMAN robot, including con-
trol system, safety features and control algorithms .
3. The development of virtual reality games for ReachMAN to increase
subject’s motivation and participation in robotic rehabilitation.
4. Validation of ReachMAN for stroke therapy at National Hospital for
Neurology and Neurosurgery (NHNN), UK.
Kinematic analysis of functional movements
Current robotic rehabilitation systems to train functional task are often
large, complex and costly. A kinematic analysis was carried out to determine
if critical ADL can be reduced to fewer DOF, making it possible to use less
complex robots for training. Chapter 2 presented the kinematic analysis of
5 healthy subjects for three critical ADL: pick-and-place of objects, drinking
and eating to investigate the trajectory of these tasks.
Analysis of the data showed that the path which the object moved was
predominantly confined to a sagittal plane, and the deviation relative to this
plane was only 5% of the traveled distance. In these tasks, the movement of
the object was shown to be reduced to a few DOF due to natural synergies,
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therefore a simple mechanism can be designed controlling only these DOF.
Limiting the workspace through elimination of unnecessary DOF helps in
reducing the costs. This may facilitate the development of decentralized
rehabilitation, which could have a significant effect on many stroke patients.
The results obtained from this study can also help defining constraints for
more complex robotic devices and rehabilitation exercises for the sub-acute
patients minimizing improper movements.
Design and development of ReachMAN
ReachMAN (Reaching and MANipulation rehabilitation robot) was built
as a simple 3DOF robot to train reaching, forearm pronosupination and
grasping. The design and overall implementation of ReachMAN was pre-
sented in Chapter 3. Main features of the robot design are highlighted as
follow:
• It is compact, portable and could be easily placed in most therapy
rooms.
• The implementation of ReachMAN considers the human biomechanics
and forces to ensure comfort and safety. Several redundant safety
measures were also implemented.
• It offers several exercises such as reaching, pronosupination, grasping
and combination of reaching and pronosupination to suit patient’s
specific therapy requirements.
• The novel design of the grasping mechanism allows subjects’ hand
to be in a functional position during therapy ensuring comfort and
enabling prolonged rehabilitation. The design has the flexibility to
support various hand sizes.
• ReachMAN allows training for left or right hand without modification
to the mechanical hardware.
• The setup time is short (approximately 5 minutes).
• Wheelchair-bound subjects can train with the robot without moving
out of their chair.
Rehabilitation exercises
The exercise modules were developed with visual and haptic feedbacks.
Several rehabilitation strategies were implemented in the exercises such as
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active-assisted strategy, different levels of difficulty and visual magnifica-
tion of movement during training. To determine suitable settings for the
exercise, a version of exercise modules was first developed for a pilot study
(Chapter 4) and, based on the results, the exercises were improved and used
in a clinical study (Chapter 5).
For the pilot study, the training modules comprised 4 exercises to train
reaching, pronosupination, grasping and combination of reaching and ma-
nipulation. During the exercises, the subject had to move the robot to a
target position indicated by a visual object displayed in the monitor screen.
The difficulty settings were adjusted manually according to subject’s per-
formance with recommendation from a physiotherapist. The score provided
was the number of successful hits over a total of 10 trials.
The clinical study used training modules that were improved based on
results of pilot study. These modules were more systematic and had 8
different levels of difficulty. Each level had a set of fixed settings for all
the difficulty parameters. The difficulty level was raised to the next when
a subject scored over 90% marks and successfully hit all targets for three
consecutive sets. The final score presented to the subject as a performance
feedback was a function of range of movement, speed and stability.
Clinical validation with ReachMAN
A pilot study (as described in Chapter 4) was first conducted to determine
whether ReachMAN is suitable for use by sub-acute subjects. This study
helped to quantify the benefits of therapy with ReachMAN, to determine
important parameter settings for more systematic clinical trials and helped
to define efficient tasks for training. 3 subjects carried out a total of ten
sessions lasting 30 minutes each over a period of four weeks. The feedback
from subjects was that they felt comfortable, were motivated and had no
pain or shoulder discomfort during or after the robot therapy. The results
also show an increase in subjects’ upper limb motor activity, range of move-
ments, smoothness and strength. This pilot study suggests that using the
robot encourages subjects to extend training time for the upper limb.
Based on the encouraging results from pilot study, a clinical study (as
described in Chapter 5) with 20 sub-acute subjects was started to investi-
gate the significant benefit using ReachMAN. As the study is on-going, this
thesis reports the result of 6 sub-acute subjects who had completed the pro-
gram. Subjects were randomly assigned to either robot or control group.
Both groups received conventional therapy. The robot group received an
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additional 30-minute therapy with ReachMAN per day for 5 days per week
up to 6 weeks.
The current results suggest promising benefits of using ReachMAN for
rehabilitation, however the present analysis is based on a small data set of
an ongoing clinical study. At the least, rehabilitation with ReachMAN did
not hinder subjects’ recovery. Another potential benefit is that ReachMAN
detects improvement in motor activity for some of the subjects, which failed
to be detected through functional assessment scores. This illustrates the
potential of using robots for more objective, quantified assessment.
6.2 Future work
Improvement on the current system
The performance of ReachMAN can be improved with some modifications.
The actuators used for the grasping mechanism should be replaced with
lower friction and higher torque actuators. It would be good to install a
sensor to measure both forces on hand grasping and opening which can be
used to assess subject’s hand strength and enable implementation of force
control. Replacing the current real-time controller (a desktop PC) which is
bulky with a smaller embedded system will reduce the size and weight of
ReachMAN by a significant amount. The monitor should be mounted on
an adjustable monitor-arm so the display can be adjusted to suit a subject’s
viewing angle. For subjects without wheelchair, a specialized chair can be
designed as an add-on feature, with adjustable height and safety belt to
hold the subjects trunks from moving during training.
The VR rehabilitation modules can be improved by using a more real-
istic virtual environment, depicting activities of daily living. For example,
showing a kitchen environment to train picking up a glass and filling up the
glass from a virtual tap water. The operation of the VR module should be
simple enough, so that subject can easily use the robot training modules
without assistance.
Proposed studies with ReachMAN
While a lot of work has been done in robotic rehabilitation, it is remains
unclear what is the best strategy of rehabilitation, type of robotic device
to enhance recovery and ways to further increase motivation. This section
proposed some future studies using ReachMAN.
ReachMAN is a compact and simple robot to train reaching along a
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straight line. Would this limitation prevent efficient rehabilitation, as there
is no lateral motion deviation compared to other big and complex robot?
Recently, Melendez-Calderon et al. (2009) performed a motor learning study
with healthy subjects in which by providing visual feedback of the deviation
corresponding to the force exerted along the wall (of a constraint linear path)
enables normal learning. Therefore, it will be interesting to investigate if
the same benefits can be found when applied on stroke subjects.
ReachMAN incorporated several rehabilitation strategies to enhance re-
covery such as performance-based adaption of task parameters, active-assisted
and visual magnification strategies. These strategies play an important role
in subject recovery. For example, active-assisted strategy allows subjects
to move in much larger movements than their actual distance thus moti-
vating them to continue exercising which may have contributed to their
recovery. However, currently there is a limited clinical evidence regarding
the relative effectiveness between these control strategies (Marchal-crespo
and Reinkensmeyer, 2009). Thus, future study should be conducted to in-
vestigate which strategy is more effective than others. This result will be
helpful in designing optimum robotic therapy strategies for a more effective
rehabilitation program.
Another interesting experiment would be to investigate the difference be-
tween training only primitive movements compared to training a complete
functional task using the robot. It was found that in healthy subject, a
complex task can be learned faster and better by training several sub-tasks
compared to training the whole task (Fabiani et al., 1989; Frederiksen and
White, 1989).
In the future, robot might be used as an assessment tool because of it’s re-
liability and objective assessment. As pointed out by Bosecker et al. (2010),
robot measurement can potentially outperform conventional clinical assess-
ment because conventional assessment is subjective and time-consuming. A
robot can measure very small changes in forces and positions and record
data throughout the robot therapy session, which cannot be done with con-
ventional rehabilitation. It is important to identify critical areas to be used
as standard performance measurements, e.g. velocity, range of movement,
accuracy, stability, response reaction and motion smoothness in order to
systematically access a subject’s performance with the robot. This stan-
dard rating check list has to be comparable or complements to other forms
of assessment.
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